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In 1964, an investigation into the use of gas chromatography 
for the analysis of blood gases was started. The idea was to 
incorporate in clinical routine work a method able to be 
fully automated. During this investigation, which lasted from 
1964 to 1967, these new techniques were explored, and com­
pared with those commercially available. 
The justification for this work was the increasing demand 
for blood gas determinations, which may be considered as 
a reflection of the increasing clinical tendency towards 
objective assessment of disease, as illustrated in tabel I. 
This table provides the number of blood gas determinations per­
formed in two medical centers in the North of The Netherlands: 
The University Hospital at Groningen and 11Beatrixoord11 Sana­
torium, initially located in Appelscha (Friesland), and at 
present in Haren (Groningen). In the University Hospital, 
the increases of the determinations in the last years, come 
mainly from the pulmonary division of the Medical Department, 
and from the Respiratory Resuscitation Center. The time 
during which data from 11Beatrixoord11 was collected can be 
divided into two periods. Up to 1963, the 11Beatrixoord11 
data referred mainly to patients with pulmonary tuberculosis. 
Later, a section for chronic non-specific lung disease was 
incorporated. 
In the periods, from 1951 to 1968, various techniques were 
used for clinical routine work: Van Slyke method (1924), 
haemoreflector (Zijlstra, 195 3), interpolation techniques 
(Astrup et al, 1960), and membrane electrodes (Kreuzer et 
al, 1958; Severinghaus et al, 1958). 
In respiratory diseases, data on both oxygen and carbon 
dioxide of blood is important. In cardiac diseases data 
on oxygen is generally more important than that on carbon 
dioxide. In metabolic diseases data on the acid-base balance 
play the major role, whereas changes in carbon dioxide 
and oxygen of the blood are mostly secondary. 
Due to the increasing demand for blood gas analysis, it is 
important to investigate whether the available techniques 
provide equivalent results, and if so, which characteristics 
13 
are important when choosing between them. A comparison 
between the various methods should be performed under the 
circumstances usually present in a laboratory for clinical 
work. It is evident, that good results obtained under optimal 
conditions in a research laboratory, are no warranty for 
acceptable results under routine circumstances. This depends 
a great deal on the procedure for the measurements. This 
is particularly the case with the Van Slyke method, but holds 
also for less delicate methods, especially the membrane 
electrodes. 
For practical reasons, it was impossible to include all 
current techniques for blood gas analysis in this comparative 
study. The choice of the methods used is based on the fol­
lowing arguments: 
1 .  The Van Slyke technique was incorporated, because it is 
the classical reference method, both for oxygen and carbon 
dioxide, where manometric estimation of blood gases is 
concerned. 
2. Data on photometric methods for oxygen and carbon dioxide 
determinations in blood is not mentioned, because these 
have previously been investigated ( Zijlstra, 195 3; 
Brunsting, 1 962). 
3. The Astrup interpolation technique is included, since it 
is relative to the blood acid-base balance, and is widely 
used for estimation of carbon dioxide in blood. 
4. The infra-red method and gas chromatography are included 
because they offer a good alternative to the Van Slyke 
technique. 
5. The membrane electrodes, to measure oxygen and carbon 
dioxide tensions in blood, are incorporated because they 
directly measure gas tensions in blood. These variables 
are particularly of importance in respiratory disease. 
Since the data obtained with these techniques is closely related 
to the acid-base status of the blood, the actual concepts of 





Number (n) of blood samples in two medical centers in tbe North of The Netherlands during the years 1951-1968. 
Methods 
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Van Slyke method 
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02 and CO2 membrane-electrodes 
Haemoreflector 
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Medical Department University Hospital, Gtoningen 
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- - 1149 1529 1541 1716 2408 2688 1584 473 391 85 23 
- - - - - - - - 111 2270 - - -
- - - - - - - - - - 3692 4611 5626 
- - - - - - - - - - - - 137 








202 299 337 195 
1964 1965 1966 1967 1968 
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16 9 - - -
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5625 5433 1419 - -
282 569 6339 9758 10717 
770 I 820 I 1374 
49 I 1375 I 1974 
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C H A P T E R  I 
GENERAL CONCEPTS OF THE ACID-BASE STATUS OF 
BLOOD. 
I - 1 .  Introduction 
The interpretation of the acid-base status of the blood, 
requires knowledge of the concentration of hydrogen ions, 
and of the factors influencing this concentration: hydrogen 
ion production, hydrogen ion removal, and the buffer systems 
of blood and tissues. As far as the blood is concerned, the 
most important variables are carbon dioxide tension, carbon 
dioxide content, and acidity (pH) . Usually only two of these 
are measured, and the third is calculated from the equation 
of Henderson (1 908 ) and Hasselbalch ( 1 9 1 6) .  
The interpretation of the data on the acid-base status in 
clinical work is sometimes confusing because the terminology 
is not consistent. For the same reason it is sometimes dif­
ficult to decide which terminology, and which basic units, 
are the best to express and evaluate the results. 
This chapter summarizes the present state of the ter minology 
on the acid-base status of the blood, and is based on the 
work of several authors (Davenport, 1 958 ;  Bates, 1 9 60; 
Huckabee, 1 961 ; Rooth, 1 967 and many others) . Present 
concepts of the acid-base status of the blood are summarized 
in the report of the ad-hoc commission of the New York 
Academy of Sciences conference ( 1 964 and published in 1 9 66) 
which gives directions to unify the acid-base terminology.  
It is not the aim of this chapter to go into the theoretical 
details of the acid-base status. 
I-2 . The components of the acid-base balance 
I-2. 1 ACIDITY ( pH) 
Sprensen ( 1 909) defined the pH as the negative logarith m  
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of the hydrogen ion concentration: pH = - log cH + . Nowadays, 
the concept of concentration has been substituted by that of 
ion activity, following the definition of Br�nsted ( 1 9 2  3) for 
acids . Acid is a molecule, which under certain conditions 
gives off a hydrogen ion, acid n � H + + base n+l . pH Is 
defined as the negative logarithm of the hydrogen ion activity 
(aH+ ) :  pH = - log aH + . Actually, there are many instrumental 
factors influencing the value of the pH ( Maas, 1 9 6 7) .  At 
present, the pH of a solution, as measured w ith a glass 
electrode, is determined by comparing it with the pH value 
given to a standard buffer solution: 
pH = pH S + -----
2 .  302 6 RT 
where pH5 is the value given to a standard buffer solution, 
E5 and Es are the electromotive forces when the electrode 
are immersed, respectively in a solution w hose pH is un ­
known (E) , and in the standard solution (Es) . F is the Faraday 
(unit of electrical charge) , R is the gas constant ( 8 .  3 1 5  joules 
per degree), and T is the absolute temperature. Details can 
be obtained from the thesis of Maas, 1 96 7 .  The pH values of 
the buffer solution are standardiz ed ( pH scale of the National 
Bureau of Standards, (NBS) ) .  
The pH notation is a simplification to express the small 
amounts of H+ ions present in the organism and in the blood 
(about 10-9 mol / 1) . Some authors ( Huckabee, 1 96 1 ;  Campbell, 
1 9 6 2 )  do not consider the logarithmic expression as an ad­
vantage and express the hydrogen ion concentration in nano­
moles per liter ( nanomol/ 1  = 1 o-9 mol/1) . When the hydrogen 
ion activity is taken into account the nano molar ( 1  o-9 mol/ 1 
solution) denomination is substituted by nano molal ( 1  o-9 
mol/kg solvent) (Huckabee, 1 9 6 1 ) ,  because it provides a 
definitive ratio of solute to solvent . 
The advantages a nd disadvantages have been discussed 
from both theoretical and practical point of view (Campbell, 
1 9 6 2 ;  Glos sop, 1 9 62 ; Owen, 1 9 65) . At present there are no 
decisive arguments to support a nomenclature. In this study 
the logarithmic expression of the hydrogen ion concentration 
(pH) is used. 
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Under nor mal conditions, the pH of the blood ranges from 
7 .  36 to 7. 44,  that means from 44 to 36 nano molal per liter . 
From a physiological point of view the hydrogen ion ac -
tivity in blood is an expression of the acid-base balance of 
the organism (body) . It can be measured in arterial, and in 
venous blood. Arterial blood is generally accepted as more 
representative of the respiratory component of the acid- base 
status (Gambino, 1 964 and Austin, 1 9 65) . 
I -2 . 2 CARBON DIOXIDE 
One of the final products of the cell metabolism is carbon 
dioxide. When the carbon dioxide concentration inside the 
cell is higher than in the extracellular fluids, the gas diffuses 
out of the cell and is transported by the venous blood to 
the lungs where it is eliminated with the expired gas . A 
detailed description of the carbon dioxide transport is beyond 
the scope of the present study and h ere can be referred to 
Gamble, 1 94 7 ;  Davenport, 1 958 and West, 1 96 3 .  In the fol­
lowing paragraphs we will give a short survey of the termi­
nology presently used for the various aspects of the carbon 
dioxide transport . 
a) Physical carbon dioxide transport: The gas is physically 
transported in solution in the plasma and blood cells. It 
corresponds to the carbon dioxide concentration physically 
dissolved, and includes small amounts of carbonic acid 
which are for med by carbon dioxide reacting with water . 
Both the carbon dioxide in solution and the small amounts 
of carbonic acid can be represented by S x Pco2 • S is the 
solubility coefficient, 0. 0301 at 38 ° C in plasma in mmol 
1-1 mmHg-1 (Van Slyke, 1 92 8 ;  Maas, 1 9 6 7) .  This coef ­
ficient, relates the sum of the concentrations of dissolved 
carbon dioxide (CO2 in mmol/ 1 ) ,  and carbonic acid ( [H2CO3] 
in mmol / 1) with the carbon dioxide partial pressure ( mmHg) 
in biological fluids: 
CO2 + [H 2CO3] 
S = -------- • The Pco2 is defined as the partial 
Pco2 
pressure of carbon dioxide in the gas phase in equilibrium 
with the biological fluids. 
b) Chemical carbon dioxide transport: Most of the carbon 
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dioxide is chemically bound, and tranported by the blood. 
When the carbon dioxide partial pressure in the tissues 
is high, the gas diffuses to the extracellular compartment, 
and reacts with water. The carbonic acid so formed, 
reacts with the bases of the blood. This follows the defi­
nition of Brpnsted (1 923) for base; a molecule, which 
under the given circumstances takes up one hydrogen ion 
(hydrogen ion acceptor). 
Table I-1, gives a survey of the main chemical reactions 
in the blood. For simplicity, the carbon dioxide reaction 
with the amino groups are not mentioned. 
Table I-1 
chemically bound in blood 
Bicarbonate ion concentration, is chemically defined as 
the concentration of HCO3- in biological fluids. In physio ­
logical work, the bicarbonate ion concentration (actual bi­
carbonate) is calculated as the total amount of carbon dioride 
minus S x Pco2 in plasma, and is given in mmol/1 or maeq/ 1. 
Therefore in physiological studies, the term includes car ­
bamino compounds and carbonates which are not included in 
the chemical definition. The error introduced by this sim­
plification is small in the plasma and in the extracellular fluid, 
but is large in the intracellular fluid (Fowle et al, 1 964). 
The term "Total CO 2 " of Van Slyke and Neill (1924) is 
the sum of carbon dioxide dissolved and carbon dioxide che­
mically combined. It is measured as the amount of carbon 
dioxide vacuum extracted from a biological fluid in the pre­
sence of a strong acid. It represents: dissolved carbon dioxide, 
carbonic acid, bicarbonate ions, carbonate ions and car­
bamino compounds. Units used are mmol/1 in plasma. 
Combining power of the plasma (Van Slyke, 191 7) indicates 
the total amount of carbon dioxide of the plasma which is 
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separated from the cells at the actual Pco2 , and then equi­
librated with carbon dioxide at Pco2 of 40 mmHg before 
measuring. Units are maeq/ 1 .  Since nearly all the CO2 taken 
up represents HCO3
- the CO2 capacity at 40 mmHg Pco2 
is defined as the "alkali reserve". 
Standard bicarbonate ion concentration, is the in vitro 
concentration of the bicarbonate ion in plasma separated 
from cells, whose hemoglobin is completely oxygenated, 
and which have been equilibrated at a temperature of 37°C 
with gas whose Pco2 is 40 mmHg (originally the temperature 
of equilibration was fixed at 38° C; Jprgensen and Astrup, 
1957). Units are maeq/1. 
Actual bicarbonate concentration, total carbon dioxide com­
bining power, and standard bicarbonate are concepts intro­
duced in pulmonary physiology to define a non-respiratory 
disturbance of the acid-base balance. 
I-2. 3 CONCEPT OF BUFFER 
"There are subs tances which by their presence in solution 
increase the amount of acid or alkali that must be added 
to cause a unit change in pH" (Van Slyke, 1922) . Chemically, 
buffers are solutions containing weak acids and their salts. 
In the_ organism, there are various buffers (HCO 3
- / H2 CO3 ; 
HPO4- /H2 Po4
- ; proteinate-/ protein) . These substances are 
very important to keep the pH of the tissues and biological 
fluids within certain limits so that a normal function of the 
tissues is assured . The pH limits between which the normal 
function of the tissues is insured, are not only determined 
by the carbon dioxide mechanism but are also dependent on the 
electrolytes (fig. I-1). The law of electro-neutrality states, 
that the sum of positive charges is equal to that of negative 
ones . In the fig. I-1, it can be seen that the difference 
between Na+ and Cl - is roughly the same as the sum of 
HCO 3- and Pr
-. This can be used as an estimation of the 
metabolic or non-respiratory component of the acid-base 
balance. Nevertheless, the electrolytes measurement is not 
performed with this intention, since it does not yield in­
formation on the cause of a metabolic disturbance. For that 
purpose, determination of the organic acids is advisable. 
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Fig. 1-1 Normal plasma electrolyte status, modified according to Gamble ( 1947) 
Cl-, HC03
- , HPO/ and Pr- ,  and as bases the cations Na+ , 
K +, Mg++ . They developed the concept of buffer base. In 
their original publication fixed acids (particularly CC), are 
defined as those which do not change their concentration 
within the physiological range, when pH or carbon dioxide 
are changed. On the other hand, buffer anions (HC0 3
- and 
Pr -) do change their concentration by changing pH or carbon 
dioxide. 
F rom the electro -neutrality law, it can be deduced that part 
of the cations is equivalent to fixed acids, whereas the rest 
is equivalent to the sum of HC0 3- and Pr-.  The latter com­
ponents are called buffer base. 
Siggaard-Andersen ( 1 962), introduce the concept of base 
excess as "the base concentration of whole blood, as measured 
by titration with strong acid to pH 7. 40 at a Pco2 of 40 
mmHg at 37 °C (originally, pH 7. 38 and 38 ° C). For negative 
values of base excess, the titration is carried out with strong 
base. Such negative values can be denoted by the term "base 
deficit". Units are maeq/1 .  Both concepts have been introduced 
22 
to characterize non-respiratory or metabolic changes in the 
body (for instance changes due to disturbance in the intestinal 
absorption, to pathological change in the renal function, or 
to increased metabolic functions) ,  to complete the informa ­
tion provided by the Henderson-Hasselbalch equation. 
I - 3 .  Relationship between pH, bicarbonate ion concentration 
and buffer. 
Three variables are necessary, to assess acid-base 
balance. A short survey of the methods with which these 
variables can be estimated follows: 
l - 3. 1 HENDERSON-HASSELBALCH EQUATION 
Some variables, defining the acid-base status of the blood, 
are easier to measure than others. The others can be found 
by the Henderson-Hasselbalch equation which relates carbon 
dioxide tension-pH and bicarbonate concentration. Henderson' s  
( 1 9 08 ) origina 1 equation is: 
S .  Pco2 
H+ = K -------------- (1) 
Total CO2 content - S .  Pco2 . 
where S has been already defined (see I-2 . 2 ) ,  and K is the 
dissociation constant . Hass elbalch ( 1 9 1 6) ,  expressed the 
H+ions in S�rensen pH units, and therefore, he used the 
logarithmic form of equation ( 1 ) :  
Total CO2 content - S .  Pco2 • 
pH = pK + log (2) 
However, the pK value is not quite so constant as originally 
was assumed. Several different pK values can be distinguished 
(Siggaard-A ndersen, 1 9 6 2 ;  Maas, 1 9 6 7) .  These values are 
dependent on the pH, temperature, and ion activity. But for 
clinical work, it is permissable to consider the pK� as a 
constant value of about 6 .  1 0  (when the pH is given in NBS 
23 
units) (Severingshaus, 1959) .  Although, it is possible to 
directly measure the three variables of this equation, usually 
only total carbon dioxide and pH are measured, pK� and S 
are considered as constant, and Pco2 is calculated by means 
of the equation. 
l-3. 2 GRAPHICAL REPRESENTATION. •) 
Nomograms used in clinical work, are mostly derived from 
the above mentioned equation (2) . One of the variables of this 
equation can be kept <!onstant. When the Pco2 is kept constant 
at 40 mmHg, then [Hco
3
-J ,  can be calculated for various 
pH values. The diagram so o·otained, is known as the pH -
bicarbonate diagram, and was introduced by Davenport ( 194 7) . 
By equilibrating aliquots of the same blood sample with dif­
ferent carbon dioxfde concentrations, ( concentrations giving 
a carbon dioxide partial pressure for instance of 1 0, 2 0, 40, 
6 0  and 8 0  mmHg), and by measuring total carbon dioxide 
minus S x Pco2 , and pH, the so called buffer curve of the 
C H CO j lp mmol/1 
JO 
JO 
7,2 7,  7.1 p H  unit• 
Fig. 1-2 pH-bicarbonate equilibration curves for oxygenated whole blood (b=the CO2 
buffer curve) modified according to Davenport ( 1958) 
• In this work, diagram has been taken to mean pictural or graphical presentation of 
data. The word "' nomogram" has been limited to mean diagram used for purposes 
of calculation. This follows the original definition (Le Heux, 1926) . 
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blood can be obtained (fig. I-2 ) .  The localization of the curve, 
depends on the quantity of fixed acids and bases .  A parallel 
shift of the curve, indicates an alteration of the quantity of 
fixed acids and bases . A change in the slope ( gradient) of 
the curve, is a measure of the buffer capacity of the blood. 
For that reason oxygenation of hemoglobin gives a parallel 
shift whereas an alteration in the hemoglobin concentration 
changes the s lope . For further details refer to the publica­
tion of Davenport . At present, this type of diagram is , at 
least in Europe, not commonly used. 
The relationship between pH and log Pco2 is linear for 
plas ma ( Brewin et al . 1 95 5 ) . It has been experimentally shown 
that a linear relationship als o exists for blood (Astrup, 
1 956) . This relationship corresponds to the buffer curve 
of the blood, described in the previous paragraph . There­
fore, i t  is,  in  the same way, dependent on the oxygen 
saturation of hemoglobin, and on the hemoglobin concentra­
tion. Since the relationship between pH and log Pco2 is 
linear, the buffer curve is defined by only two points , and 
can be constructed when the blood has been equilibrated with 







70 7.2 7_5 pH un1t1 
Fig. I-3 The log PcorpH nomogram modified according to Astrup ( 1956) (b=the car­
bon dioxide buffer curve) 
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the pH/log Pco2 nomogram is frequently used in clinical 
work . In this, the base excess curve, and the buffer base 
curve can also be constructed. For further details refer 
to the original publications of Astrup (1 956), and Siggaard­
Andersen ( 1962) . 
The Davenport and Siggaard-Andersen diagrams are 
similar, only their method of presentation is different . The 
variables obtained by one nomogram can be transmitted to 
the other by means of the Henderson-Hasselbalch equation . 
Singer and Hastings ( 1948), described an alignment nomo ­
gram for the calculation of the buffer base from the pH, 
total carbon dioxide content and haematocrit values . In this 
nomogram, the metabolic or non -respiratory factors in the 
clinical evaluation of the changes in the blood acid-base 
balance, can be estimated. In the comparative studies (chapter 
VII), this nomogram with the modifications suggested by 
Brunsting ( 1962) was used, for the calculation of the actual 
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Fig. l'-4 The Singer-Hastings (1948) nomogram as modified by Brunsting ( 1962) 
experimentally obtained the curves of the base excess and 
buffer base . These curves can be plotted on a pH-log Pco2 













7.1 pH vnll• 
Fig. I-5 The log Pc02-PH nomogram for blood according to Siggaard-Andersen (1962) 
been used for the comparative studies reported here, ( chapter 
VII) . 
I-4 .  Clinical application . 
The complexity of the body acid-base equilibrium, requires 
a precis e description of the aspects which have been measured. 
For instance, measure ments can be made in the intra - or 
extra-cellular fluids . According to Thomason ( 1 9 6 3) ,  the 
pH of the red blood cell is 7 .  2 0 , and the plas ma pH is 7 .  40 .  
The acidity in  cisternal and spinal fluid i s  not identical . The 
pH in spinal fluid appeared, on an average, to be 0. 02 1 l ower 
than in cisternal fluid (van Heijst, 1 968) . In clinical work, the 
assess ment of the acid-base balance is limited to the ex­
tracellular environment, and no information on the intracel­
lular condition is obtained . Again, in the extracellular fluid, 
the measurement is influenced by the condition under which 
it is determined. Therefore,  in a comparative study it is 
necessary to define these c onditions . F or instance, pH 
measurements differ slightly between plas ma and whole blood, 
because of the red -blood-cell s us pension effect (Severing-
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haus et al,  1 95 9 ) .  Likewis e  they are influenced by the patient ' s  
temperature, becaus e this changes the ionic diss ociation of 
the acids (Rosenthal, 1 9 48) . When electro-chemical methods 
are used for pH measurements , results will be dependent 
on the pH value given to  the standard buffer and temperature 
(Siggaard-Andersen, 1 96 1 ) . 
1-4 . 1 NORMAL VALUES 
The term "normal" may caus e some confusion when it is 
taken in the strict meaning of the word. The variability of 
the subjects,  the samples ,  and of the techniques used, should 
be taken into account . Therefore,  nor mal values cannot be 
given as fixed numbers , but as a mean and a range of 
variation, as for example in table 1-2 . In this table only 
Table I-2 
Normal values for acid-base balance of whole arterial blood in adults. Limits given 
are approximate. (see text) 
References 
pH units 7 . 39 ( 7 . 36 - 7 .  42) Siggaard-Andersen, 1962 
Pco2 mmHg 43. 5 ( 36 .  7 - 48. 9) Siggaard-Andersen, 1962 
Actual bicarbonate• mmol/1 20. 9 ( 19. 1 - 22. 8) Dill et al, 1937 
Standard bicarbonate maeq/1 23. 0 (21.  3 - 24. 8) Siggaard-Andersen, 1962 
Buffer base maeq/1 48. 4 (46. 0 - 52. 0) Singer-Hastings, 1958 
B ase excess• m aeq/1 -1. 0  (-2. 4 - +2. 3) Sigg aard-A ndersen, 1962 
• The original data were presented as total co2. The actual bicarbonate have been 
calculated (see I. 2-2. ) 
• The mean base excess value equals O in the case of a pH = 7. 40 and 
the Pco2 = 40 mmHg at 380C (Siggaard-Andersen, 1965) . 
data measured under circumstances and with techniques si­
milar to those used in this study is given. Subjects have 
been considered as normal by the different authors, when no 
pathological changes in the thorax X-ray, electrocardiogram 
and clinical data, were found. In this table, the s light dif­
fer ences between men and women have not been taken into ac­
count . ( Mpller, 1 959 ) . Generally, the Pco2 is  2 -4 mmHg 
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lower, pH is 0 .  02 units higher, and base excess 1 maeq/1  
lower in women. The position of the subject during the 
sampling of the blood influences the Pco2 value (Rahn, 
1 9 50) . In the standing or- sitting position, Pco2 is 3 - 4  mmHg 
lower than in the semi-recumbent position. The values of the 
table I-2 refer to arterial blood. Comparative studies between 
capillary or venous blood and arterial blood have been done 
by several authors (Gambino, 1 9 5 9 ;  Maas et al . , 1 9 6 1 ) . 
These investigations showed that, with an adequate technique 
capillary and arterial blood yield equivalent results (chapter 
X) . At rest venous blood values are somewhat different, 
pH is 0. 03 units lower, Pco?. is about 5 mmHg higher, and 
base excess is 2 .  5 maeq/ 1 lower. 
I - 4 .  2 CHANGES IN THE ACID-BASE BALANCE 
Alteration in pH, due to disease, usually applies to the 
extracellular pH . The term acidosis indicates that the pH 
is lower than 7 .  3 6 ,  and basosis higher than 7. 42 . The last 
term has been introduced (Warburg, 1 956)  instead of alka­
losis . Though alkalosis has been widely accepted in phy ­
siology, basosis, derived from base, expresses more ade­
quately what is meant, i . e. an excess of bases. Ter ms 
"acidosis" and "basosis" should be qualified by a second 
concept : "respiratory" or " metabolic" (or non-respiratory) 
(table I-3) . This table shows the changes in the acid-base 
balance when there is one known cause, and no compensation 
mechanisms have taken place. For the latter refer to figure 
I-6 .  When different primary causes coincide, for instance 
pulmonary and renal failure, the interpretation is even more 
complex. In this case, the primary respiratory disease can 
be determined by the changes in blood Pco2 • But the ex­
istance of a second primary cause, or a secondary compen­
satory mechanism, would be difficult to recognize, because 
there is no unquestionable criterium to characterize the 
non-respiratory component . The school of Copenhagen, in­
troduced the concept of Base E xcess (see 1 -2 .  3 . ) to charac­
terize the non-respiratory component . The school of Boston, 
represented by Schwartz (1 9 6 3 ) ,  does not accept this concept, 
pointing out that it is not valid in very severe respiratory 
acidosis . They propose measurement of bicarbonate-ion con-
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T able I-3 
The four main types of disturbances in arterial blood in acid-base 
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centration (see 1 -2 .  2 ) ,  to detect the non-respiratory com­
ponent . It  is considered that, both concepts can be used in 
clinica l  work . 
1-4 . 3 COMPENSATING MECHANISMS 
The c ompensating mechanis ms indicate that the organism is 
trying to adapt its elf to the alteration. The compensating 
changes are brought about by the respiratory and renal 
regulating mechanisms . 
The respiratory regulation of the acid-bas e balance takes 
place through ventilation by modifying alveolar Pco2 • In a 
non -respiratory ( metabolic) acidosis the respiratory com ­
pensation (hyperventilation) i s  s eldom c omplete .  For instance,  
if the pH was 7 .  0, this value can be corrected by compen­
sating hyperventilation to a maximum of 7 .  2 ( Mpller, 1 9 5 9) .  
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Fig. 1-6 Acid-base disturbances represented graphically, modified according to Kroon 
(1959) . 
0 = Normal region 
1 = Uncompensated respiratory acidosis 
2 = Partly compensated respiratory acidosis 
3 = Fully compensated respiratory acidosis 
4 = Partly compensated non respiratory basosis 
5 = Uncompensated non-respiratory basosis 
6 = Combined non-respiratory basosis and respiratory basosis 
7 = Uncompensated respiratory basosis 
8 = Partly compensated respiratory basosis 
9 = Full compensated respiratory basosis 
10 = Panly compensated non respiratory acidosis 
11 = Uncompensated non respiratory acidosis 
12 = Combined non-respiratory and respiratory acidosis 
tion is hypoventila tion. This compensation is usually not very 
pronounced since severe hypoventilation brings about a low 
alveolar oxygen tension (Reeves and Brown, 1958). 
The renal compensating mechanism, to maintain the pH 
of the blood within normal limits, increases the -excretion 
of blood acids or bases by means of ion exchange. It takes 
place, to the greatest extent, in the cells of the distal tubules . 
In presence of acidosis HCO3
- and Na+ are actively reabsorberd 
and H + eliminated. The reverse takes place in basosis. 
The basic mechanism consists of splitting of carbonic acid 
by the renal tubular cells, adding the tt+ to the urine and 
returning the "new" bicarbonate to the renal venous blood 
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and hence to the body fluids . In contrast to the respiratory 
compensation, the renal compensation is relatively slow and 
takes a few days to be fully effective . For details on the ion 
exchange taking place in alteration of the acid-base balance, 
refer to the monography of Welt, 195 5 .  
In fig .  I-6, all possible disturbances in the acid-base 
balance have been summarized. 
C linically, the cause of a disturbance in the acid-base 
balance is not frequently an uncompensated respiratory or 
metabolic disorder. Usually, a primary cause is associated 
with compensation mechanisms. For a correct interpretation 
of the acid-base balance, it is necessary to know the pri­
mary disorder. Only then, is it possible to estimate the 
changes due to the primary disturbance and those to com­
pensation.  Because of the fact that the analysis may be  
rather complicated, several authors make use of diagrams 
to visualize the changes, and to facilitate the interpretation 
of a changing acid-base balance . An  example of a diagram, 
in which the alteration of the acid-base balance of a subject 
can be represented is shown in fig. I-6 .  For the interpreta­
tion of the data given by the monograms, it is necessary 
to know the patient ' s  condition at the moment of the blood 
sampling, (hypo- or hyperventilation) and the nature of the 
underlying disease (Sluiter et al, 1964) . (chapter X) . 
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C H A P T E R  I I  
CONVENTIONAL METHODS FOR GAS AND BLOOD ANALYSIS. 
II - 1 .  Introduction 
The methods developed by Barcroft ( 1902), Haldane (1912), 
Peters and Van Slyke (1924), made possible the analysis of 
gas and blood in clinical work. Nowadays, there are many 
modifications of these volumetric and manometric methods. 
Moreover, some new methods to measure gases in blood 
have been developed. In this chapter, conventional techniques 
used in our work, shall be dealt with. 
II-2 . Lloyd 's modification of the Haldane apparatus for gas 
analysis 
For a detailed description of the apparatus refer to Lloyd's  
original communication ( 1 958). Lloyd ' s instrument is based 
on the same principle as used by Haldane: the volume of gas 
is measured in a calibrated burette before and after chemical 
absorption. Main modifications introduced by Lloyd are: 
The three taps, originally used by Haldane, have been 
substituted by one five-way tap, thus a complete carbon 
dioxide and oxygen determination is carried out with four 
movements of a single large stopcock. Thanks to this five­
way tap the burette containing the chemical reagents and the 
compensation chamber can be placed in the same water bath. 
A fixed volume of air is enclosed above the reagents in the 
compensation chamber, and all readings are made with this 
quantity of gas at constant volume, thus corrections for 
changes in temperature and atmospheric pressure during 
analysis are not required. 
We have used the Lloyd apparatus according to the instruc­
tions given by the manufacturer.  The sampling of cylinder 
gases was performed by transfering the gases through a 
T-piece connected to the gas inlet of the apparatus and whose 
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other side was im mersed in water. This makes possible a 
good control of the flow rate. Experience shows that 
conta mination of the gas sample may occur because of: 
a) ins ufficient washout of the cylinder reduction valve. For 
this reason it is neces sary to flush the valve with cylinder 
gas during five minutes at a flow rate of at least 100 ml 
per min. 
b) contamination through the five-way tap: By experience, 
the most frequent s ource of error. The criterium for air 
contamination was a difference between two cons ecutive 
measurements of the same gas of more than 0. 1 vol %.  
Leaks i n  the five-way tap are inclined to occur, since it 
contains four channels and eight openings at rather short 
distances . Daily cleaning and greasing of the tap prevents 
this contamination. 
The technique is eas ier to perform than Haldane ' s  original, 
but requires careful operation. Lloyd' s  technique has been 
us ed to analyse the carbon dioxide and oxygen content of the 
gas mixtures of the cylinders us'ed in the comparative studies 
and to calibrate the membrane electrodes. In a series of 
20 analyses , the mean difference between duplicates was zero 
and the standard deviation of the differences between duplicates 
amounted to 0. 04 vol %. Although these results are not as 
good as have been des cribed under optimal laboratory con­
ditions (Bartels et al . , 1 95 9) ,  the accuracy was cons idered 
to be sufficient for the pres ent study of blood gas es . 
II-3. The Scholander micro gas analyzer 
Scholander ' s technique, like Lloyd' s  technique, is a volume­
tric method, and based on the principle already used by 
Haldane. It incorporates an ingenious hydrostatic system of 
mercury and a micrometer as meas uring device. The 
hydrostatic s ystem allow s lateral dis placements of the ap­
paratus which brings the gas in contact with the reagents . The 
micrometer makes pos sible accurate readings of the volume 
changes of the s mall samples (0 . 5 ml) . A nother advantage 
is that the micrometer makes pos s ible analys is of gases in 
concentrations up to 90% without dilution and even higher with 
dilution (Nels on, 1 9 64 ) .  For a detailed description of the 
apparatus refer to Scholander ' s original publication ( 1 94 7) . 
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The Scholander apparatus was only used for the analysis 
of cylinder gases. Sampling of these gases was performed 
in the usual way: an 0 .  5 ml transfer pipette was connected 
to the reduction valve of the cylinder. The pipette contains 
a drop of mercury in the pipette bulb. The gas from the 
cylinder flows along the mercury drop for a few minutes 
(50 ml/ min). Then, the pipette is withdrawn and the mercury 
drop starts to slowly fall down the tube. The pipette is firmly 
connected to the gas inlet of the apparatus; for this the pipette 
tip is fitted with a small rubber tube. The pipette must be held 
vertical. That no contaminating air has reached the reaction 
chamber, can be checked as follows: when the pipette is connec -
ted to the reaction chamber, there exists a closed co mpartment 
from the drop of mercury in the pipette to the micrometer . 
In this compartment there is a positive pressure due to the 
weight of the mercury drop. If the drop of mercury does not 
move for at least one minute, there is no leak. 
Scholander' s technique was used mainly for those gas 
mixtures in which both carbon dioxide and oxygen were 
analyzed . The gas cylinders were analyzed again one month 
after and the differences found were not significant for this 
comparative study. The accuracy of the Scholander technique 
was calculated fro m a series of 2 0 consecutive duplicate 
analyses. The standard deviation of the differences was 
0. 04 vol % for carbon dioxide and 0. 05 vol % for oxygen. 
These results were considered sufficiently accurate for the 
present study . 
II-4 .  Van Slyke-Neill manometric method for blood gas 
analysis 
This method is based on Boyle 's law which states that the 
volume of a gas at a constant temperature is inversely 
related to its pressure. In the manometric Van Slyke method, 
blood gases are chemically released and separated from the 
blood by vacuum extraction. Then the carbon dioxide and 
oxygen of the released gases are chemically absorbed . The 
pressure change due to this absorption is a measure of the 
volume of gas absorbed, since measurement takes place at 
constant volume. 
The Van Slyke apparatus has been used following the 
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standard procedure including the correction factors and using 
aliquots of 1 ml blood. For a more detailed description refer 
to the papers by Van Slyke-Neill ( 1924)  or by Bartels et al. 
( 1959) . One of the crucial points of the Van Slyke apparatus 
is that the stopcock at the top of the extraction chamber, 
is in good condition. For an accurate determination, it is 
of utmost importance that this tap hermetically seals the 
extraction chamber . It depends, to a large extent, on correct 
greasing. By experience, optimal sealing is achieved when 
two kinds of grease are used: first a thin layer of vaseline 
and then a second layer of highly viscous grease (yellow wax 
30 g, sesame oil 70 g ) . 
A greasing allows for 1 0- 1 2  determinations, and should be 
repeated every day. A simple method to check the sealing 
of the stopcock is to extract 1 ml of distilled water : when a 
constant manometer reading is achieved after repeated 
extractions, the apparatus is air tight.  
In a series of 7 consecutive determinations for carbon 
dioxide of the same blood sample, the standard deviation 
ofthedifferences was 0. 2 3  vol %, the corresponding standard 
deviation for oxygen was O. 1 4  vol %, (Table IX-1 ) .  These 
data agree with those previously published ( Bartels et al . , 
1959) .  
In one comparative study (chapter VI) sodium bicarbonate 
solutions were used for calibration. The actual carbon dioxide 
content of these solutions was calculated on the basis of the 
dry substance (analytic grade (British Drug House) , con­
tains not less than 99. 5% NaHCO3 ) .  These solutions were 
analysed with two different makes of the Van Slyke apparatus 
(the Thomas apparatus in the University Hospital and the 
Gallenkamp apparatus ir:i, the Beatrixoord Sanatorium) . Both 
are magnetically stirred, and differ only in minor details. 
The results were compared with those obtained by a flame 
photometer . Table II- 1  shows the results obtained with so­
dium bicarbonate solution with concentrations of 2 0  and 40  
mmol/1  CO2 (as calculated from the measurement of sodium.) 
contained in 5-ml glass ampules . It was found that the 
carbon dioxide content of these solutions given by both 
Van Slyke apparatus was 95% of the actual amount. These 
findings indicate that it is unlikely that the differences 
compared to the carbon dioxide measured by the flame 
40 
Table 11-1 
Estimation of the c arbon dioxide content of solutions of sodium 
bicarbonate (20. 0 and 40. 0 mmol/1 CO2, as calculated from the 
measurement of sodium) by two different flame photometers and 
two different makes of the Van Slyke apparatus (Thomas, U .S .A .  
and Gallenkamp, England) . 
n=number of determrnations; M=arithmetic mean of the determina­
tions; e=the measured bicarbonate concenuation expressed as per­
centage of the actual concenuation (calculated on the basis of the 
dry substance) . 
Van Slyke 
(A . H .  Thomas) 
n 
10 
flame photometer• 10 
Van Slyke 
(Gallenkamp) 10 




20 . 00 
19. 10 
19. 75  
e 
("/o )  
95. 1 
100. 0 






38 . 87 
39. 38 
• = Elektronest. Otterhausen - Saarbrilcken. Germany. 
• = Evans electroselenium Ltd. H arlow. Essex. Engeland . 
e 
("/o )  




photometer are due to an accidental error in one of the 
Van Slyke apparatuses. Similar results with the Van Slyke 
apparatus have been found by Zijlstra et al. (personal 
communication) and are described by Wilson et al. ( 1 9 6 1 ). 
These authors concluded that the correction factor for carbon 
dioxide in the Van Slyke technique cannot be applied for 
bicarbonate solutions. Similar phenomena have been also 
described by Yee (1 965) for potassium carbonate solutions. 
Van Slyke and Sendroy ( 1 92 7) in their original publication 
stated, that the weakest part of the carbon dioxide correction 
is the reabsorption factor . When data of tables II- 1  and III-2 
are compared, a clear difference can be appreciated in the 
NaHCO3 measurement when using the Van Slyke technique. 
This have been due to the fact that the determinations were 
performed by different technicians on different days . This 
suggest that the results obtained with the Van Slyke technique, 
may depend on the skill of the technicians and the working 
circumstances. 
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When the bicarbonate solutions were analyzed with the 
flame photometer only about 98% of the actual NaHc o; content 
was measured. It cannot be explained why the readings of 
the flame photometers were low. Certainly, it was not due 
to water absorbed by the crystal powder, because the s ub­
stance was dried at 300°C for two hours , just prior being 
dis solved. 
The Gallenka mp apparatus was only used for the bicarbonate 
solutions experiment s .  Blood determinations were performed 
with the Thomas model. This Van Slyke apparatus has been 
used under two different working conditions . This is described 
in chapter VI .  
II- 5 .  The A strup interpolation method for blood carbon 
dioxide determination 
V an Slyke et al. ( 1 92 2 )  already described an interpolation 
method for the blood carbon ·dioxide deter mination. They 
constructed [CO2] - Pco2 diagrams from the carbon dioxide 
content of the blood and the Pco2 of the equilibration gases . 
pH -Pea .., diagrams for the estimation of the carbon dioxide 
tension in blood have been introduced by Douglas et al. ( 1 9  3 2 ) . 
In these diagrams, several points are needed to draw the 
complete carbon dioxide equilibration curve because the 
relationship between pH and P co 2 is not a straight line. 
Brewin et al.  ( 1 9 5 5 )  pointed out that it is more convenient 
to plot pH against log Pco2 , because the relationship between 
these variables is a straight line which can be defined by only 
two points .  As trup ( 1 9 5 7) applied this fact, us ing a simple 
equilibration apparatus (micro-tonometer) . 
T he interpolation method may be summarized as follows : 
a s ample of blood is equilibrated with two gas es containing 
known concentrations of carbon dioxide in oxygen, for instance 
3 and 8% carbon dioxide corres ponding approximately to a 
carbon dioxide tension of 20 and 5 7  mmHg res pectively. After 
equilibration, the pH of both blood samples is measured. From 
these pH values , and the corresponding carbon dioxide tensions 
of the equilibrating gases , a straight line in the pH -log Pco2 
diagram is drawn. The pH of the blood before equilibrating 
can be interpolated on this line, and the actual Pco2 can be 
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Fig. II-1. Graphical presemation of the interpolation method for blood Pco2 deter­
mination . 
- measured values 
- - - - - -> value obtained by interpolation 
read off in the graph. Fig . II- 1 is an example of this method. 
In the investigations Astrup 's technique was used following 
his original description { 1 95 7) . The equipment was a Radio­
meter micro -tonometer type AMT - 1 ,  circulation thermostat 
type VTS - 1 3 ,  Electrode type E502 1 ,  and a pH meter no . 2 5 .  
Blood samples were equilibrated with gas mixtures containing 
2 .  8 and 10% carbon dioxide in oxygen . The actual Pco2 of the 
blo od was calculated, using the pH -log Pco2 no mogram {Sig ­
gaard-Andersen, 1 9 60) . The accuracy of the interpolation 
method depends to  a great extent on the accuracy with which 
the equilibration gases are analysed {see paragraphs II -2 and 
3) , and on the accuracy of the pH deter minations {see para ­
gqiph II-8 ) .  
The reproducibility of the interpolation method was deter ­
mined in blood samples drawn from normal subjects and from 
patients with respiratory insufficiency. Since the data of the 
normal subjects and those of the patients was similar, b oth 
grou ps have been taken together . The blood samples were 
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divided in four aliquots, and each equilibrated with carbon 
dioxide gas mixtures (containing 2. 8 and 3. 9; 5 .  4 and 5 .  7;  
10. 1 and 11 . 3; and 14. 7 and 15.  3% carbon dioxide in oxygen 
respectively) in a Laue tonometer. Afterwards they were 
equilibrated in the Astrup micro-tonometer with 2. 8 and 
10. l o/o carbon dioxide in oxygen. The carbon dioxide tensions, 
as measured with the Astrup method, were compared with 
those of the gases used in the Laue tonometer (table II-2). All 
Table II-2 
Mean difference (v) and standard deviation of the differences 
(SDv) between the Pco2 measured in the blood with the A strup 
interpolation method and the Pco2 of the equilibration gas 
(Pco2(Astrup) = Pco2(gas) . 




Equilibration gases in the Laue tonometer 
(vol "/o carbon dioxide in oxygen) 
2. 8-3. 9 
28 
-0 . 8  
1. 1 




10. 1-11. 3 
28 
+0 . 6  
2. 6 




determinations with the Astrup interpolation method were per ­
formed in duplicate . It can be seen, in table II-2 that the 
mean differences between the Astrup interpolation method and 
the Pco2 of the equilibration gases are small, and statisti­
cally not significant. Only with high carbon dioxide tensions 
was the mean carbon dioxide tension obtained by the Astrup 
method higher than the Pco2 of the equilibrating gases. This 
difference is statistically not significant and the accuracy of 
the Astrup interpolation method is certainly adequate for 
clinical use .  High values obtained with the Astrup technique 
in the range of higher carbon dioxide tensions have been 
reported before by Maas, 1 96 7. 
Another problem was, how far- the blood gas data after 
equilibration in the micro-tonometer, is dependent on the car ­
bon dioxide tension with which the blood has been equilibrated. 





The mean values of the pH of blood samples, both of normal subjects and patients with respiratory 
disease, equilibrated successively in a Laue tonometer and in the Astrup micro-tonometer. n = 
number of blood samples. 
Normal subjects 




n = 10 
Equilibration gases in 
the Astrup micro-tonometer 
( vo I "/o carbon dioxide 
in oxygen) 
{ 





Equilibration gases in the Laue 
tonometer (vol "/o carbon dioxide 
in oxygen) 
2. 8-3. 9 5 . 4-5. 7  10. 1-11. 3 14. 7-15. 3 
7 . 578 7 . 590 
7 . 212 7 . 218 
7 . 605 7 . 620 
7 . 241 7 . 249 
7 . 618 
7 . 235 
7 . 647 
7 . 271 
7 . 626 
7 . 245 
7 . 651 
7 .  274 
blood, equilibrated with the various carbon dioxide gas 
mixtures in the Laue tonometer, was compared with the values 
obtained after equilibration in the Astrup micro-tono meter . 
Equilibration (first in the L3.ue tonometer and later in the 
micro -tonometer) changes only the Pco2 , because no HC03 
ions are added or removed, and because the buffer capacity 
of the blood is not changed . Therefore it is to be expected 
that pH measurements after equilibration in the micro-tono­
meter should be independent of the gas tensions with wich 
the blood was initially equilibrated. However, the pH data 
(table II- 3) showed that the mean pH values of the blood of 
both patients with res piratory diseas e and of normals , 
increased if the blood was first equilibrated with higher carbon 
dioxide conceritrations in the Laue tonometer. This means that 
the pH after the micro -equilibration was , to a s mall extent, 
aependent on the carbon dioxide tension of the blood before 
the equilibration. This holds for low and high carbon dioxide 
concentrations in the micro-tonometer, in both normal subjects 
and patients with res piratory dis eas e. When, from the data 
of table II - 3, the pH- log Pco2 lines are drawn for the blood 
samples equilibrated with the various carbon dioxide tensions , 
the differences are clearly shown (fig . II-2a and II-2b) . In 
these graphs, the standard bicarbonate, buffer base, bas e 
excess and hemoglobin values can be read off for the same blood 
equilibrated at various carbon dioxide tens ions (table II-4 and 
fig . II-3). The figures II-2a and II-2b show a dis placement, 
to the right, of the pH-log Pco2 line if the P co2 of the 
blood was higher beforehand . T his means that there is an 
increas e in the standard bicarbonate ion concentration; in 
other words , a change in the metabolic component, although 
no fixed acids were removed or fixed bases added. These 
phenomena take place in blood of  normal subjects and of 
patients with res piratory disease. These changes do not depend 
on the sequence in which the blood portions were equilibrated 
in the Laue tonometer, since the equilibration order was 
randomized. Nor can they be explained by insufficient 
equilibration in the micro -tonometer, because the mean 
differences between the Pco2 obtained by A strup interpola­
tion method and the P co2 of the equilibration gases were not 
significant . Perhaps by exposure of blood to high P co2 for 
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Fig. ll-2a and 2b. Graphical representation of the mean pH -log PCO2 lines of - a = 14 
blood samples of normal subject; b = 10 blood samples of patients 
with respiratory disease - following equilibration in an Astrup micro ­
tonometer. The blood samples being equilibrated beforehand with 
various carbon dioxide -oxygen mixtures in a Laue tonometer. The 
carbon dioxide gas tensions of these mixtures are indicated by' arrows. 
(see text) . 
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Fig. II-3. Graphical representation of the relationship between standard bicarbonate of 
the blood and the carbon dioxide concentration to which the blood has been 
exposed beforehand. 
x Blood samples from normal subjects 
• Blood samples from patients with respiratory disease. 
When the P co2 is lowered again HCO3 equilibration may take 
longer than the Pco2 equilibration. When the blood is equili­
brated beforehand with low carbon dioxide gas mixtures the 
reverse takes place. This may be considered as a metabolic 
compensation of the blood cells. In an alkaline medium the 
acid lactic concentration in the brain increases (Leusen, 
1 968) . Similar changes may have taken place in our experi­
ments as a result of the metabolism of the blood cells as 
was suggested by Prof. Zijlstra. As far as we know this 
phenomenon has not previously been described. The fact that 
the shift of the pH-log P co2 line is parallel, indicates that 
the hemoglobin concentration, as read off in the graph, is 
constant and independent of the carbon dioxide concentration 
of the gas mixtures in the Laue tonometer. These hemoglo ­
bin concentrations were almost the same -both in normal 
subjects and in patients- as the values measured by the 
photometric method (Vitatron, type Hb Fl00) (table II-4) . 
In blood samples from normal subjects, the mean difference 
between the two methods was 0 .  5 g per 100 ml blood, and 
in blood from patients it was 0. 9 g per 100 ml blood. This 
difference is within the error found by Astrup (less than 3 g 
per 100 ml blood) .  This similarity strongly suggests that 
the phenomenon as described above can hardly be attributed 
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Table II-4 
Values of blood samples read off from the pH-log Pco
2 
diagram after equilibration with 
various carbon dioxide concentrations. 
U/o CO • 2 
in o2 
r· Normal subjects 5 . 7  n = 14 11 .  3 15. 3 
3. 9 
''""" wi<h � 
5
· '  
re5..:ir atory disease 
n - 14 
ll.  3 
5. 3 
St. Sic. e. e. 
maeq/1 maeq/1 
23. 0 46. 0  
23. 6 46. 5 
24. B 47 . 6  
26. 5  48 . 5  
24. 6 48. 5  
25. 3 49. 2  
26. 6 51. 1 
27 . 1  51 . 6  
·> read off in the Siggaard-Andersen nomogram 










gas mixtures used for the equilibration in the Laue tonometer 
•) measured with vitraton, type Hb F 100. 
Hb• Hb• 
g/100 ml. g/100 ml. 
12 . 6  
12. 9 
12. 0  
12. 9 
12. 6 
13. 5  




to a systematic error in the determinations. A further 
analysis of this phenomenon is beyond the scope of the present 
study, because the analytic error involved can be neglected 
for most clinical work. 
S ummarizing, it may be concluded that the Astrup inter­
polation method is suitable for clinical routine measurements 
of P co2 , although it is not certain that the values for base 
excess and standard bicarbonate are always correct, parti­
cularly in the range of the high carbon dioxide tensions. 
II - 6 .  Membrane electrodes for measuring the carbon dioxide 
tension in blood 
In a carbon dioxide electrode the fluid in contact with the 
glass electrode is separated from the blood by a thin membrane 
which is permeable to carbon dioxide, but not bicarbonate 
and hydrogen ions . The carbon dioxide diffuses from the blood, 
through the membrane, into the electrode fluid, until an 
equilibrium has been reached between the carbon dioxide 
tensions on both sides of the membrane. The increase or 
decrease in carbon dioxide tensions of the electrode fluid 
) e  
/ 
C 
A blood bic,nbonate solution 
CO2 -; H 2 CO� W + HC03 
' 
Fig. 11-4. Diagram of a membrane electrode to measuring the carbon d ioxide tension 
in blood. 
5 0  
A = blood inlet; B = blood outlet; C = teflon membrane; 
D " pH sensitive glass; E = silver -silver chloride electrode; 
H = reference electrode; I = amplifier. 
is, attended by a change in pH, and the latter is measured by 
a glass electrode and a pH meter. Fig.  II -4 shows the principle 
and a diagram ofa Pco2 electrode. This method for measuring 
carbon dioxide tensions in fluid (blood) was first described 
by Stow et al. (1 957). The membrane is usually made of teflon 
or silicone rubber. Initially distilled water was used as fluid 
surrounding the electrodes (Stow et al. 1 957). Severinghaus et 
al. ( 1 958) introduced a bicarbonate solution as electrode 
fluid . This increases the sensitivity of the membrane electrode 
and shortens the response time. These improvements made 
the membrane electrode suitable for clinical work. 
The following chemical equilibria exist in the bicarbonate 
solutions: 
NaHC0 3 
From these equations it can be shown that the pH of the 
bicarbonate solution is linearly related to the logarithm of 
the Pco2 of the solution. Thus a direct reading of the carbon 
dioxide tension on an antilogarithmic scale of the pH meter 
is possible . For the adjustment and calibration of the elec­
trode, two different carbon dioxide tensions are necessary. 
Since the response of the carbon dioxide electrode to a gas 
and to blood equilibrated with this gas are identical (Severing ­
haus, 1 958), the adjustment and calibration can be made using 
carbon dioxide gas mixtures. 
For details on the development of the carbon dioxide 
electrode for clinical work refer to the publications of 
Severinghaus and Bradley ( 1 958) and Ll'.lbbers and Gleichmann 
( 1 960). Recently, the theory and application of the carbon 
dioxide membrane electrode was described by Maas ( 1 967) .  
In the present study the direct measurement of  the carbon 
dioxide tension in blood was performed using a Radiometer 
carbon dioxide electrode type E 5031,  combined with a pH 
meter (type 27) gas monitor type P . H. A .  927.  Measurements 
were performed at 38 ° C. For the calibration 2. 8 and 1 1 .  4% 
CO2 in 02 was used. These gases were analysed by the 
Lloyd and Scholander techniques. The measurements were 
performed according to the instructions given by the manufac-
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turer. The electrode was covered by a teflon membrane ( 1 2 µ) .  
Between the glass surface of the electrode and the teflon 
membrane a piece of Joseph paper (40 µ )  was mounted. 
During a period of 4 months during which the various 
techniques for measuring carbon dioxide were compared, 
the teflon membrane was changed only once. During the 
night and when the electrode was out of use a humified gas 
mixture of 5 .  4% carbon dioxide in oxygen was continuous ly 
flowing through the electrode cuvette with a flow rate of 
about 10 ml per minute. This procedure increas ed the stability 
of the electrode, and made it possible to use the electrode 
at a moments notice, even after a long period. 
Data on the stability of the membrane electrode during a 
period of a month are given in fig . II- 5 .  The measurements 
50 
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Fig. 11-5. Daily variations ofthe CO2 membrane electrode. The arrow indicates changing 
of the membrane. For explanation (see text). 
were performed every morning before the meter was adjusted 
when electrode had been out of use during the night at least 
12 hours . The readings are compared with the carbon dioxide 
tension of the gas mixture flushing the electrode cuvette. 
The daily variations of the Pco2 of this gas mixture due to 
barometric pres s ure differences are within the shaded area. 
Afterwards, the apparatus was adjusted with the 2 .  8 and 1 1 .  4 % 
carbon dioxide in oxygen gas mixtures .  It was found that the 
1 1  spontaneous I I  fluctuations of the electrode are within 7 mmHg 
and are mostly not more than 3 mmHg. The figure also 
shows the deviation produced by placing a new membrane. 
Data on the stability of the electrode during the period 
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Table Il-5 
Stability of the Pco2 electrode during a period of about 4 hours. 
n=numberofdeterminations; v=mean of di fferences. The differences 
have. been calculated substracting the measured Pco2 from the 
actual gas Pco2. SDv=standard deviation of the differences. Values 
are given in mmHg. For explanation see text. 
1st. control 2nd . control 3rd. control 4th. control 
n = 29 29 29 29 
v = -0. 1 +0. 7  -0. 2  -0. 3 
SDv = 2 . 1 2. 5 2. 1 
2 .5  
taken by a comparative study are shown in table II-5. 
During the experiment the Pco2 electrode was controlled 
four times with intervals of 30  to 40 minutes. This control was 
performed with a gas mixture of 5. 4% carbon dioxide in 
oxygen ( Pco2 = 3 9 -41 mmHg). At every check, the difference 
between the Pco2 reading and the actual carbon dioxide 
tension of the gas was noted. Then the Pco2 meter was 
adjusted to the actual P co2 • The mean differences and the 
standard deviation of the differences between the Pco2 
reading and the actual Pco2 in a series of 29 experiments 
are given in table II-5. It was found that the mean differences 
are not statistically significant. The standard deviations of the 
differences indicate that the electrode was not perfectly 
stable. This slight instability calls for frequent checking of 
the apparatus. Provided this is carried out, good duplicate 
determinations of the same blood sample can be achieved, 
maximal discrepancy being not more than 2 mmHg (chapter 
VII, table VII-3). 
Comparison between the partial carbon dioxide tension of 
the gas used for the blood equilibration, and that obtained 
with the electrodes shows no major difference (table II -6). 
In the range 20 to 8 0  mmHg the mean differences can be 
neglected. In the region 1 00 -1 1 0  mmHg, blood gas tensions, 
measured with the electrode are, on average, 2 mmHg lower 
than those of the gases used for the equilibration. However, 
this difference is only 2% of the actual value, and can be 
neglected for most practical purposes. In a recent publication 
Flenley et al. ( 1 96 7) have stated that relatively experienced 
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Table II-6 
Comparison between the PCO2 measured in the blood by the membrane electrode and 
the PCO:iof the tonometer gas. Values are given in mmHg. v=mean of differences; 
SDv=standard deviation of the differences; n=number of determinations (se� utrle VIl-3) . 
range of the CO2 tensions 
of the touometer gas (mmHg. ) 20-30 39-41 70-80 100-110 
n = 28 28 28 28 
Pco2 b l=d mi""' Pco2 ,ooom,.., gas �' 
0 +0. 4 +0. 2  +0 . 3  -2. 3 
SD = 0 . 9  2.0 2. 1 3. 7 
V 
operator can be expected to achieve an accuracy of within 
± 3 mmHg for Pco2 blood measurements in the range 20 to 
100 mmHg. 
Summarizing: to measure Pco2 , the membrane electrode 
yields accurate and reproducible results, at least when the 
electrode is frequently calibrated. For this, gases with known 
carbon dioxide concentrations must be available. Perhaps, a 
critical pomt is the mounting of the membrane. When the 
tension of the membrane is too low, the response is slow, 
when the tension is too high, the readings are somewhat high, 
relative to those of the gas used for the equilibration. We 
cannot explain how this tension affects the results. Possibly 
the pressure produced in the electrode chamber affects, in 
some way, the diffusion of the carbon dioxide into the 
bicarbonate solution. 
All experiments were performed with micro-electrodes. 
Afterwards, micro -electrodes were used. By experience, the 
results obtained with both types are similar. The precautions 
for accurate measurements are the same. 
II- 7 .  Membrane electrodes to measure the oxygen tension in 
blood 
The principle of measuring the oxygen tension in blood by 
membrane electrodes is based on the polarographic analysis 
of the electrochemical reduction of oxygen: 02 + 4e-
= 2 x o· · . 
The principle has been known for many years (Salomon, 18 97) .  
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A historical survey of the development of the various polaro­
graphic methods for measuring oxygen tension is  given by 
Lilbbers ( 1 9 6 6). 
The electrical current produced by the electrochemical 
reduction of oxygen is , under certain conditions , proportional 
to the amount of oxygen which reaches the platinum electrode. 
The most important conditions required are that : - a) the oxygen 
must be transported to the electrode only by diffusion and b) 
a constant diffusion zone must be between the sample to be 
measured and the electrode s urface (Kreuzer et al, 1 9 60) . 
To fulfil these conditions Davies and Brink ( 1 942)  protected 
the platinum surface using agar and collodium. In 1 95 6  C lark 
constructed the membrane covered platinum electr ode which 
today enables us to measure the oxygen tension of blood in 
routine work. In the C lark electrode, both the platinum 
electrode and the reference electrode, are behind the mem­
brane, in other words the electrode circuit is completely 
isolated from the blood sample. This is schematically s hown 
in fig. II- 6 .  The oxygen molecules diffuse through a poly-
electrodes 
02 • 4 e- .. 2 x o- -
I 
Fig. II-6. Diagram of a membrane electrode to measuring the oxygen tension in blood. 
A = blood inlet; B = blood outlet; C = polyethylene membrane; D = platinum 
cathode; E = silver anode; H = electrolytic solution; I -= amplifier. 
ethylene membrane and reach the electrodes via an elec­
trolyte solution. The oxygen, which has diffus ed through 
the membrane, is reduced at the platinum electrode. This 
proces s originates a current in the polarographic circuit, 
which is proportional to the number of molecules which have 
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diffused through the membrane. In the experiments reported 
here a Radiometer electrode type E 5040 was used .  The 
thicknes s of the polyethylene membrane was 2 0 µ. The diameter 
of the platinum wire was 20 µ. A silver anode was us ed as 
reference electrode. The electrolyte solution was a phos phate 
buffer solution, to which some potas sium chloride had been 
added to stabilize the potential of the anode. The polarization 
current amounted to 680 mV. T he oxygen electrode was 
connected to a pH meter no. 2 7 via the Radiometer gas 
monitor P . H .  A .  92 7. The electrode was thermostated at 
38 ° C .  
Calibration of the membrane electrode can be performed 
using gases with known oxygen concentrations , or fluids 
equilibrated with gases of know n oxygen concentrations. In 
the first case, th e diffusion of the gas molecules is fas t 
and the meter reading is usually higher than with liquids . 
This difference is mainly due to the fact that in liquids, 
particularly blood, rapid stirring is required to keep the 
oxygen tension constant at the membrane s urface (Severing­
haus,  1 958) . For that reason it is better not to use gas for 
the calibration. For this work the electrode was calibrated 
with oxygen free solution (0. 05 molar borax solution to which 
some crystals of sodium s ulphite were added), and with water 
equilibrated with air from the ther mostatic water bath . The 
oxygen tension of the water equilibrated with air was calculated 
from the equation P o2 = 0. 2093 ( P8 - P H2o) , where Pa is 
the atmos pheric pres s ure and P H2o the water vapor tension 
( 4 7  mmHg) . 
It was not pos s ible to measure the s pontaneous variations 
of the oxygen electrode, - before adjustment of the sensitivity, 
in the same way as in the previous study on the carbon dioxide 
electrode, because the reading at a given oxygen tension 
is not constant but gradually decreas es. Moreover, a continuous 
flow - through of the electrode cuvette with the equilibrated 
water, from the ther mostated water bath, is not a practi­
cal s olution. The cause of the decrease in electrical current 
is probably the accumulation of hydrogen peroxide which 
alters the electrochemical reaction (Severinghaus , 1 9 58 ) . 
Because th e reading of the oxygen tension is not constant, 
it is necessary to fix the time interval between the introduction 
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of the calibration fluid or the blood sample in the cuvette and 
the reading of the meter . Because the decrease in meter 
reading is proportional to the absolute value of the oxygen 
tension, it is obligatory to calibrate the electrode in the same 
oxygen tension range as the blood sample is expected to be. 
Before and after every measurement on blood, the electrode 
was calibrated with water from the thermostated water bath. 
Under these conditions, duplicate deter minations showed the 
following reproducibility: in 1 2 3  duplicate blood Po2 deter­
minations during seven consecutive days, no difference between 
the duplicates was found in 8 1  blood samples. The differences 
between duplicates was 1 mmHg in 2 1 , 2 mmHg in 2 0  and 
3 mmHg in 1 blood sample. Thus, in most cases, the difference 
between two determinations with the same b lood sample is 
smaller than 1 mmHg. After each determination with blood a 
control was made with water equilibrated with air . This check 
with equilibrated water showed that the reading of the 
electrode generally differed by less than 2% of the expected 
value of the water equilibrated with air. This difference was 
found when the membrane had been in use for some time 
(about 2 days) . Just after replacing the membrane the difference 
amounted to 4% of the expected value of the equilibrated 
water . By experience, the electrode is more stable if the 
chamber is filled with saline between two determinations. 
Probably this is because the saline avoids the formation of 
a protein layer on the membrane. After finishing this work, 
we found it useful to fill the chamber of the electrodes with 
water from the thermostatic unit . This water contained 
3 ml ger micide solution (code 9 04 - 001 , Radiometer, Copen­
hagen) , and 2 0  g potassium nitrate in 7 liter water to prevent 
the growth of fungi in the electrode chamber. 
However, there is a large difference between the results 
obtained with blood equilibrated with gas and the actual value 
of this gas (see table II-7) . This difference is larger, the 
higher the oxygen tension of the gas used for the equilibration. 
Some authors have found similar differences which are general­
ly explained by the different viscosity of gas, water and blood, 
in other words, the higher the viscosity the lower the diffusion 
coefficient for the gas in the particular medium ( Moran et 
al . , 1 9 66 ;  Heitman et al . , 1 9 6 7 ;  Hales et al. , 1 9 68 ) .  
In summary : the electrode used for oxygen tension deter -
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Table II-7 
Comparison between the mean Po2 measured in the blood 
(Po2
b lood) and the Po2 of the tonometer gas (P02
gas). 
n=number of determinations . 
11 15 13 10 14 18 
Po2 gas (mmHg. ) o. 0 25. 7 38. 0 73. 0 158. 0 
Po2 blood (mmHg. ) 5 . 0  25. 0 37 . 7  64. 9 136 . 4  
mination has proved t o  be a s atisfactory tool with a good 
reproducibility, and whose single disadvantage is that it 
requires frequent calibration. To obtain a good performance,  
the Po2 electrode should be calibrated with both an oxygen 
free  s olution, and water equilibrated with air before starting 
the work. Later on, when blood samples are analyzed, the 
calibration should be controlled with water equilibrated with 
air ,  both before and after the analysis of blood. This proce ­
dure demands a relatively short time, complete analysis 
including calibrations takes about 9 minutes and yields accurate 
and reproducible results . The Po2 measure ments have been 
performed with macro -electrode s .  Afterwards , micro -elec ­
trodes were us ed . By experience ,  the results obtained with 
both types are similar . The precautions for accurate meas ure ­
ments are the s ame in both . The advantage of the micro­
electrode is that it gives a fast reading: here, a complete 
analysis with calibrations can be performed in 7 minutes . 
II- 8 .  pH determination using the glass electrode 
The electrode is based on the fact that s pecial glass is 
selectively permeable to the most mobile ions : hydrogen ions 
(Wright, 1 9 5 9 ) .  The hydrogen-ion gradient between both sides 
of the glass constitutes an electrical potential which is detec­
ted by appropriate apparatus . For details on pH measurement 
refer to  Bates , 1 954 .  
In  the  work reported here a Radiometer model 2 7 pH meter 
with a 2 97 /G2 capillary glass electrode thermostated at 38° C 
was used. During one month the s pontaneous variations of 
the electrode were measured every morning with a phosphate 
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pH units 
7. 5 0  
7. 4 0  
7.3 0  
7. 20  
7. 1 0 
0 1 0  20, 3 0  d ay 
Fig. II-7. Daily variations in pH measurements of a buffer solution before calibration 
has been performed (see text) . 
buffer solution, whose pH was 7 .  38 1 on the Sprensen scale 
(fig . II-7) . Then the actual calibration was performed using 
commercially available phosphate buffers (Radiometer) : pH = 
7 .  38 1 and 6 .  840 respectively (on the S�rensen scale) . All 
the measurements were made with the same calomel electrode. 
The glass electrode was replaced once. In fig. II-7, it can 
be seen that pH readings did not vary more than 0. 03 pH 
unit, except for two consecutive days . This deviation may 
be due to a temporary shift of the membrane potential, 
since the next day the deviation was in opposite direction. 
We have no explanation for this phenomenon . 
During the experiments, the stability of the pH meter was 
checked by means of the buffer solution with a pH of 7.  381 .  
The experiments took from 2 to 3 hours, and the calibration 
of the pH meter was repeated at intervals of 30 min. This 
data is summarized in table II -8 . The mean deviation of the 
measured pH from the actual value is small, except at the 
beginning. After 1 hour, pH readings are fairly stable, 
maximum deviation amounting to 0. 02 pH units.  
The difference between two consecutive determinations on 
the same blood sample was used as control for the repro -
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Table ll-8 
Reproducibility of pH measurements of a phosphate buffer solution ( pH=7 . 381) 
during an experiment (2-3 hours) . The number of determinations in every 
period is  29. The mean differences (v) and the range of the differences 
between the "actual'" pH and the measured pH of the buffer solution are 
given ( pHact. _ pHrne as .  ) .  
1st. Period 2nd. Period id · Period i
h. Period 5th. Period 
( 30 min. ) (30 min. ) (30 min. ) (30 m in. ) (30 min. ) 
v= +0. 0 12 -0 . 005 -0 . 002 -0 . 00 2  -0. 001 
r- 04 +0 . 04 +0 . 0 2  +0. 0 2  +0. 02  
range 
-0. 12 -0 . 07 -0 . 02 -0. 0 1  -0. 01  
T able ll-9 
Reproducibility of pH determinations of 28 blood samples under vanous con­
ditions. The mean difference (v) and the range of the differences between 
duplicates are given. The differences have been calculated substracung the 
second determination (pH2) from the first one ( pH1) .  





7 . 397 
{ v = -0. 0045 
( pHCpH2) [-0. 01 
range 
+O.  01 
Blood after equilibration with various 
gases in a Laue tonometer. 
Equil ibration g ases (vol "/o carbon dioxide 
in oxygen) . 
2. 8-3. 9 5. 4-5 . 7  10. 1-11 . 3  14. 7-15. 3 
7 . 544 7 . 427 7 .  228 7 . 134 
-0 . 0082 -0. 0068 -0 , 0014 -0. 004 
-0. 03 -0. 02  -0. 01 -0. 02 
+0 . 01 +0. 0 1  +0 . 01 +0. 01 
ducibility. The results are represented in table II-9 .  From 
the total of 1 34 determinations , 7 were discarded as technical 
failure s .  It was found, that out of 1 34 duplicate determinations ., 
there was no difference between the first and the second 
determination in 54 instances . The difference was 0. 0 1  pH 
unit in 60 determinations , 0. 02 pH unit in 1 2 ,  and once O. 03  
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pH unit. In general, the pH of the second determination was 
slightly higher, differences were not significant. There was 
no difference between duplicate determinations, either with 
blood directly withdrawn from patients, or with blood equi­
librated with the various carbon dioxide gas mixtures. 
Duplicate determinations showed the same reproducibility, in 
the range 7. 54 to 7. 10 pH units. 
The above mentioned data was obtained with a glass electrode 
used by the same technician. To check the variability due to 
the operator and equipment, the following experiment was 
performed. The same blood samples were simultaneously 
analysed in duplicate by three different operators with three 
different pH meters of the same manufacture, using the same 
buffer solutions for calibration. The three determinations 
took roughly the same time. Results are presented in table 
II -10. The data indicate, that under less rigid conditions 
T able 11-10 
Resultsobtained in duplicate determinations of one blood sample, 
measured simultaneously by 3 operators using 3 different pH 
meters of the same make. A and B = pH meter no. 27 (Radio­
meter) . C = pH meter no. 22 (Radiometer) . Glass electrode: 
Radiometer type 297 /G2. 
pH meter A B C 
series no. 54860 53460 26244 
Duffer 7 .  381 7. 38 7. 38 7 . 38 
Blood 7 . 40 7 . 41 7 . 38 
Buffer 7 .  381 7 . 39 7. 39 7 . 38 
Blood 7. 42 7 . 40 7 . 40 
Buffer 7 .  381 7 . 39 7 . 38 7. 38 
the reproducibility of blood measurement was not as good 
as is usually assumed. Moreover, pH meters of the same 
manufacture may show some discrepancies in blood measure­
ments although the buffers readings are the same. A recent 
work, comparing different pH meters, shows larger differen­
ces between them (Miller et al . , 1967). 
From these experiments it is evident that a frequent control 
with standard buffer solutions is necessary to achieve a 
6 1  
reproducibility of 0 .  0 1  pH unit or beter between two determi­
nations . For practical purposes , it is  sufficient to control 
the pH reading of the meter just prior to every blood analysis . 
The glass electrode stability is improved when the capillary 
is filled with the buffer solution (pH = 7 .  38 1 )  as long as 
no measurements are made. We have the impression that, 
by this simple manoeuvre ,  the life span of the glass electrode 
increas es . By doing so, our glass e lectrodes lasted for 3-6  
months with a daily mean of  25  duplicate determinations . 
II-9 .  Equilibration of the blood in a Laue tonometer 
The equilibration of blood samples with gas mixtures of 
know n composition is usually performed in a tonometer . 
Several devices for equilibration of blood have been used: 
rotating chamber (Barcroft, 1 9 34) ,  rotation tonometer ( Laue, 
1 9 5 1 ) ,  vibrating micro -tonometer (Siggaard-Andersen et al. , 
1 960)  and recently the tonometer according to Farhi ( 1 965) 
and Rispens et al. , ( 1 9 68 ) .  As far as can be derived from 
recent publications , thes e tonometers have several advantages.  
However, they had not been described when the investigations 
were started. The Laue tonometer was chosen as the best 
available at that time . This tonometer was used with enlarged 
humidifier in order to ensure complete water vapor saturation 
of the equilibrating gases . 
The Laue tonometer consists of a glas s sphere of about 
5 0  ml, (fig. II-8 )  placed in a water bath thermostated to 
38 ° C .  The gas mixtures for equilibration (contci ined in a 
cylinder} , are moistened in a humidifier placed in the water 
bath. A water trap placed on the outlet of the glass s phere 
prevend dilution of the blood by reflux of condensate formed 
in the outlet . 
The equilibration of the blood was performed under the 
following conditions : the gas flow was about 5 0 ml/ min. 
This flow rate is not very critical, but was hold constant 
during all the experiments . With this arrangement fast 
occuring changes in temperature are prevented. The blood 
sample amounted to maximal 5 ml. Rotation speed of the 
glass sphere was 1 2 0  rpm. Neither hemolysis , nor hemo­






Fig . II -8.  D iagram of a Laue conometer 
A = Equilibration chamber: B = Humidifier: C = Gas cyl inder used for equ i ­
libration; D = Tube for water vapor condensation; E = Motor for stirring the 
water bath and thermostatic unit; E' = Rotating motor; H = level of the water 
bath: I = Flow meter regulator. 










_11. -----!(-- -- -x 
-- Pco1 in blood 
- - - - - Po2 In blood 
time in mlnutu 
so so 
Fig. II-9. T ime required for complete equilibration of a 5 ml blood sample in a Laue 
tonometer. Equilibrating gases contained 7.  Bo/o carbon dioxide in oxygen 
and 10. 4rI/o oxygen in nitrogen. 
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of equilibration was one hour or longer. By experience, 
the time required for carbon dioxide equilibration is shorter 
than for oxygen (fig. II-9). 
The sampling of the blood from the tonometer was different 
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C H A PT E R I I I  
THE INFRA -RED ANALYZER FOR MEASURING CARBON 
DIOXIDE IN BLOOD 
III -1. Introduction 
Infra-red analysis of respiratory gases is widely used in 
pulmonary function studies, and in anesthesia. Its application 
for measuring carbon dioxide in blood has scarcely been 
described. The principle of infra-red analysis is based on 
the absorption of infra-red rays by non -elementary gases, as 
CO
2
, CO, N2O. Each of these gases has within the infra-red 
band at a particular wave length, an absorption line. The 
measurement can be made specific for a certain gas by using 
filters which only transmit the wave length which is absorbed 






Fig. III. I. Diagram of a infra-red meter 
A = Radiaton sources; B = sampling cell; 
C = reference cell; D = detection cell; 
E • membrane; H = amplifier; I = indicator . 
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absorption the concentration of a certain gas in a mixture 
can be measured . Fig. III-1 is the diagram of an infra-red 
meter, as used in the present study. Two filaments con­
stitute the source of infra-red radiation (A). The infra-red 
beams are reflected in two parallel cells (B and C ); one of 
which (B), is filled with the gas sample to be measured, 
the reference cell (C ) being filled with a gas which does not 
contain carbon dioxide. The radiation leaving these absorption 
cells passes into the detection cells (D). These are filled 
with the gas to be measured (in fact a mixture of carbon dioxide 
and argon), and are separated from each other by a thin metal 
membrane. The radiation leaving the absorption cells causes 
heating of the gas in the detection cell .  When the radiation 
on both sides is not balanced , the unequal gas expansion 
causes a pressure difference accross the membrane. This 
results in a deflection of the membrane (E), which in 
combination with closely adjacent insulated and perforated 
metal plate forms an electrical condenser. A deflection of 
the membrane is measured as a change in capacity of this 
condenser. 
The gas to be analysed enters the sampling cell, where it 
absorbs and reduces the radiation on its way to the detector. 
As a result the beams become unequal, resulting in a change 
in capacitance. This change constitutes a signal and is 
proportional to the difference between the two radiations. 
It is amplified (H) and sent to an indicator (I). 
III-2 . Equipment for infra-red analysis of carbon dioxide in 
blood* 
The application of infra-red technique to the determination 
of carbon dioxide content of blood was described by Oehmig 
and Sommerkam ( 1963). The results were not quite as good 
as those obtained with other techniques. It seemed worthwhile 
to explore, in more detail, the possibilities of the infra-red 
analyzer, since it is available in many cardio-pulmonary 
function laboratories and, with a low -cost modification, may 
• Pans of the paragraphs III-2, III-3 and III-4 have been published in J. Appl. PhyJiol. 
21 : 1377 ,  1966. 
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be used for the determination of blood carbon dioxide content . 
The infra-red analyzer (Godart, Utrecht; Capnograph, 
type C G / 58003) was modified in the following way: the mea ­
suring head was connected with 1 1tygon 1 1  tubing to a membrane 
pump and to a lucite blood cuvette (fig. III-2). The gas volume -
4 
2 3 s 
- -
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Fig. III-2. Diagram of c losed circuit for determination of carbon dioxide in blood by 
the infra-red method. 
1 = microammeter: 2 = amplifier; 3 = infra-red measuring head; 4 = 
membrane pump; 5 = gauze-filled tube; 6 = Lucite cuvette; 7 = 0, 5 ml 
tuberculin syringe with fixed needle. (reproduced with permission from the 
J. Appl. Physic!) . 
of the closed circuit, including the cuvette filled with 
reagents, was 1 0. 0 ml. The flow rate of the circulating gas 
volume can be regulated and was adjusted to about 30 ml 
per minute. The interchangeable cuvette was connected, air ­
tight, to a teflon support by an 0-ring. Overflow of liquids 
from the cuvette to the measuring cell was prevented by a 
small gauze-filled tube. By means of a selector switch, the 
direct reading meter of the capnograph was disconnected, 
and the amplifier output fed into a precision micro ammeter 
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with a 1 5-cm mirror- scale allowing accurate readings to 
0. 5% of full scale. Sensitivity was adjusted by means of 
coarse and fine potentiometers. 
III-3. Procedure 
Before starting analysis, the cuvette was filled with 2 ml 
of a 3% solution of lactic acid which releases the carbon 
dioxide from the blood. One drop of octyl alcohol was added 
as antifoam. Next, the cuvette was connected to the teflon 
support. The closed circuit was filled with room air and the 
micro ammeter set at zero. The blood sample was trans -
mitted , either from the 1 0-ml syringe, or from the tonometer ,  
into an 0 .  5-ml tub!:?rculin syringe with 100 scale divisions . 
An injection needle
"'
(external diameter 1 .  2 mm) was soldered 
to the tuberculin syringe. The first loading with blood was 
discarded, the rest of the blood being used to fill up the 
dead space of syringe and needle. The second load was 
adjusted exactly to the O. 5 ml division. Accuracy of the 
sample size was beter than 1 %. The conus of the tuber­
culin syringe was plugged into a cone -shape hole in the 
cuvette support, the tip of the needle being immersed in the 
releasing agent (fig. III-2). The zero position of the meter 
was checked and readjusted if necessary, and 0. 5 ml of 
blood injected into the cuvette; the syringe was not removed 
from the support. The carbon dioxide concentration in the 
circulating gas was increased by the release of carbon 
dioxide from the blood. 
After 3 minutes equilibrium was attained and the final 
reading made. A complete analysis, including cleaning of 
the cuvette and syringes, may be done within 5 minutes. 
III-4. Calibration 
Since the electrical output of the apparatus does not vary 
linearly with the carbon dioxide content, a calibration curve 
was made. This was done by applying the above mentioned 
analytic procedure to solutions with known concentrations of 
sodium bicarbonate (e. g .  10-20-30-50 mmol/ 1). A cali-
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bration curve needs to be made only once because alinearity 
is constant (table III-1). variations in background gases and 
Table III-1 
Calibration of the infra-red meter during a period of one and half years. 
Calibration solution output mA 
NaHCO3 (mmol/1) date = May 1964 July 1964 March 1965 January 1966 
10 26. 0  
20 51. 0 52. 0 50. 5 51. 0 
30 71. 0 
40 91. 0 93. 0 90 , 0  91. 0 
volume of the closed circuit being negligible. The infra-red 
analyzer was calibrated with sodium bicarbonate solutions, 
whose carbon dioxide content was calculated on the base of 
the weight of dry sodium bicarbonate substance (analytic 
grade British Drug House; contains not less than 9 9 .  5% 
NaHCO3) .  To check the difference due to water absorbed by 
the crystal powder, the purity of the sodium carbonate was 
checked with the Van Slyke technique and also by heating 
it at 3 00° C in order to evolve the removable carbon dioxide 
and water . Calibration with sodium carbonate thus obtained 
yielded results which were only slightly different from those 
obtained by calibration with sodium bicarbonate (table III-2). 
A check on the sensitivity with a sodium bicarbonate solution 
(for instance 20 mmol/ 1) was found to be sufficient for daily 
use. Sensitivity of the apparatus was adjusted so that a 2 0  
mmol/ 1 sodium bicarbonate solution gives a deflection of 
about 50 scale divisions. 
7 3  
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C H A P T E R  I V  
CH ROMATOGRAPHY 
IV-1. Introduction 
According to Bittel (1957), the Strasbourg surgeon Brun­
schwig employed as early as 1512, the principle of chroma­
tography in the purification of ethyl alcohol ( Bayer, 1961). 
At that time it was not possible to make full use of such 
a method since the basic theoretical and practical foundations 
were unknown. The demand for micro methods to study natural 
products increased around 1900. At this time, Tswett was the 
first to apply the adsorption of plant pigment on to solids 
for their separation ( Bayer, 1961). He introduced the term 
chromatography. This term, applied to partition of gases, 
is not adequate since most of the gases are colourless and 
invisible. However, the term appears to be so firmly 
attached to the process that it would probably be impossible 
to introduce a more accurately descriptive term (Hamilton, 
1961). The possibility of application of the principle of gas 
liquid chromatography for the separation of gases, received 
attention after the publication of Martin and Synge in 1941. 
Around 1952, .James and Martin, published data on gas solid 
chromatography. And since then, in less than one decade, 
gas chromatography has been developed into one of the most 
outstanding methods of analysis. For details on the relative 
short history of chromatography the reader is referred to 
the classic monographies (Philips, 1956; Keulemans, 1957; 
Cowan, 1958; Pecsok, 1959; Bayer, 1961; Konings, 1968). 
In the following most of the data are taken from these mono ­
graphies. 
IV-2 . Classification of chromatography. 
Chromatography is a physico -chemical method of separation, 
in which the materials to be separated are partitioned between 
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two phases. One of these is stationary, the other is mobile 
and percolates through the stationary phase. Only solids or 
liquids may serve as stationary phase, while the mobile 
phase may be gaseous or liquid. Therefore four combinations 
can be envisaged, all of them having been used in practice 
(Bayer, 1 961) (fig. IV- 1) .  
Chro11tography 
Adsorption Part t l1on 
sol t d  stat ionary pha11 11qu1d atat1onary phase 
l tqu1d 1ob1 le  
ph111 
L1qu1d-sol1d  
Chro11to ra  h 
g111ou1 1ob1 le 
ph111 
611-1olt d 




Chro11to ra h 
Fig. lV-1. Classification of chromatography 
ga11ou1 oob1 le 
phase 
611-l tquld 
Chro11to ra h 
Chromatography methods in which the stationary phase is 
a solid, are known as adsorption chromatography, since the 
processes taking place on the solid surfaces can be described 
by the principles governing adsorption. One of the most im ­
portant principles is that of Gibbs-Thomson, which states, 
"those substances which decrease surface energy tend to 
concentrate at a liquid -air interface (on the surface) , and 
those substances which decrease interfacial energy tend to 
concentrate at a liquid-solid or liquid-liquid interface". 
Freundlich and Langmuir, developed equations to describe 
the relationship between the amount of substance adsorbed, 
and the concentration of the analyzed substance, when equili­
brium at a given temperature is obtained. The first is known 
as Freundlich ' s adsorption isotherm: 
x/m = kC l/n 
where x= the amount of substance adsorbed, m= the amount 
of substance adsorbent, C= the equilibrium concentration of 
substance in solution (or pressure of gas in case of gas 
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adsorption), and k and n are constants depending upon the 
nature of the adsorbent and the substance adsorbed and the 




where o: and (3 are constants, depending on the adsorbent and 
the substance adsorbed. According to this, the extent to 
which adsorption takes place is dependent upon the nature 
of both adsorbing agent and the substance adsorbed. The 
greater the surface of the adsorbing agent, the greater is 
the adsorption. 
If the stationary phase is a liquid, it is customary to speak 
of partition chromatography, since the processes are subject 
to the partition law of Nerust for liquid-liquid chromatography 
and the law of Henry for the gas-liquid chromatography. 
The law of Henry states, that the concentration of gas 
dissolved in a liquid (C), is directly proportional to the 
gas pressure over the liquid (p): C=K. p. It follows that the 
dissolved gas molecules (C2) also tend to escape from 
the liquid to the gas (C 1) and after some time equilibrium 
is reached. So we may write (C l/C2= K), where K is a 
constant, denominated partition coefficient, which is different 
for each gas and each liquid and is dependent on the tempera­
ture and the pressure of the gas. 
"If the concentration in the moving phase of the components 
to be partitioned is plotted against its concentration in the 
stationary phase, there will be obtained, if the above mentioned 
laws apply, two basically different curves: namely partition 
and the adsorption isotherms (fig. IV-2). The slope of the 
curves a) and b) is related to the partition coefficient K of 
the components to be separated" (Bayer, 1961). 
K = 
Concentration in stationary phase 
Concentration in mobile phase 
IV -3. Gas chromatography 








( b )  
Fig. IV-2. Partition isotherms between stationary and mobile phase 
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Fig. IV -3. Diagram of gas chromatographic unit 
1. -Gas cylinder, 2. -Needle valve. 3. -Injection port, 4. -Separatory columns 
5. -Detector , 6. -Recorder, 7. -Flow meter, 8. -Gas outlet, 9. -Thermostat. 
solid or liquid as stationary phase ( fig. IV-3 ) . In the gas­
solid combination, chromatography means the adsorption of 
the substances by the processes taking place on the solid 
surfaces of the adsorbent agents (stationary phase) , followed 
by a differential elution of the adsorbed substances by means 
of the appropriate carrier gas ( mobile phase) . 
lV-3. 1 .  STATIONARY PHASE (COLUMN) (FIG. IY- 4) 
Solid adsorbents, such as activated charcoal, molecular 
sieves, silica gel, etc., are employed as stationary phases 
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Fig. IV -4. Two compared samples (xx, oo) flowing into the adsorption column where they 
are separated and detected as they emerge. 
1. mobile phase (carrier gas). 2, materials to be separated. 3. stationary 
phase (column). 4. detector. 5, elution diagram. 
for analysis of respiratory gases .  These ads orbents must 
be processed before starting the separations , i. e .  they must 
be freed of adsorbed materials and activated by war ming 
and by purging with the carrier gas . The grain size ranges 
from 0. 04 to 0. 8 mm in diameter . Flexible metal tubing 
(copper, brass ,  steel) with an internal diamet er between 2 
and 1 0  mm, and a lenght between 1 and 2 0 m. , can be used 
to make the columns . 
lV - 3 .  2 .  MOBILE PHASE (CARRIER GAS) 
The mobile phas e (carrier or eluent gas es s uch, as helium, 
nitrogen, hydrogen, etc. ) used in chromatography, is 
practically not adsorbed by the stationary phase.  The carrier 
gas to be employed depends , first of all, on the detector 
used. Helium, nitrogen and hydrogen are the most commonly 
us ed since they are most favourable when katharometers , 
gas density balances and flame ioniz ation detectors are used 
(fig. IV -5)  
IV . 3 .  3 .  FLOW RATE 
Flow rates ordinarily used in gas chromatography s e pa ­
rations range between 1 0  and 1 00 ml of carrier gas per 
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Fig. lV-5. Relative thermal conductivity of gases (hydrogen = 100) 
min. To attain these flow rates, a high pressure gradient 
must be applied, the actual pressure gradient depending on 
the viscosity of the carrier gas used and the resistance 
(permeability and length) of the column. The pressure 
gradient in the column should not be too great or too 
small since there is an optimal flow rate of gas with respect 
to separating power of the column (Leijten, 1 967). A long 
the column, the pressure drops to the atmospheric pressure. 
The rate of flow can be adjusted with a needle valve, and 
is usually measured by a soap film flow meter (fig. IV-6) 
t 4 
3 
, _  
2 
5 
Fig. lV-6 .  Soap-film flow meter after James and Martin. 
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1. --Gas sample from the column, 2. -Ammonium oleate solution, 3 . -10 ml 
burette, 4. --Gas outlet, 5 . -Rubber b ulb . 
IV -3. 4. THE ELUTION DIAGRAM 
Substances to be analyzed are separated in their components 
when they percolate through the stationary phase (fig. IV-4). 
At the end of the column they emerge as isolated fractions 
which are detected by measuring a physical or chemical 
property. In most instances the signal is continuously reco r ­
ded against time. In this way, the so called diagram of 
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Fig. lV-7. Elution Diagram 
AB. -Gas space of the column (i.e.  gas injected in A) , BD. -Retention volume 
VR (referred to the maximum peak) , CE. -Peak width , GF. -Peak height, 
CD. - ( volume required for elution VE)• Modified after Bayer, 1961. 
phase is constant and known, the volume of carrier gas 
required to elute a component can be calculated from the elapsed 
time and the recorded reading (fig . IV-7).  Since the flow 
rate is constant in the elution diagram, the time can be 
substituted for volume of gas. "The parameters important 
to practical application are revealed by the diagram. Thus 
the distance BD represent the volume required for elution 
( rpaximum of the elution curve), it is called the retention 
volume VR . The gas space of the column (AB in fig. IV- 7) 
is determined by injecting a gas, such as air, which is not 
retained in the column. The peak width (CE), is obtained 
by constructing tangents to the elution curve. According to 
Martin and Synge, the separating power of a column can be 
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described in terms of "height equivalent to one theoretical 
plate". The following formula may be used for determining 
the number of theoretical plates (n), from the elution diagram: 
VE denotes the volume required during the elution of a peak, 
distance CD in fig. IV-7. The expression given here is valid 
for ideal conditions i. e. for linear distributio n isotherms and 
slight quantities of substance" (Bayer, 1 96 1 ). The number of 
t11eoretical plates is an appraisement of the separating power 
of a column. 
Factors determining the separating power may be summa­
rized as follows: 
1) It is directly proportional to the surface area (width 
and length of column), and it varies according to the stationary 
phase used, and the substance to be analysed. 
2) The separating power decreases when the temperature 
increases. This is due to an increase of the kinetic energy 
of the separated molecules, which in turn facilitates their 
escape from the surface of the stationary phase. This factor 
applies specially when we are concerned with adsorption 
phenomena. 
3) Separation is a relatively slow process. An increase 
of the pressure gradient in the column, accelerates it up 
to certain limits. 
IV-3. 5 .  DEVICES FOR MEASURING THE SEPARATED GASES 
The apparatus for detecting and measuring the separated 
gases flowing out with the carrier gas from the column are 
essential parts of gas chromatographic assemblies. Although 
several techniques may be used to detect and to measure 
gases (thermal conductivity, ionization detectors), respiratory 
gases (02 , CO2 , N2 ) are most often measured by a thermal 
conductivity detector. Thermal conductivities of various 
gases are given in fig. IV-5. The thermal conductivity of 
helium and hydrogen, is very high in comparison to the 
most important gases in respiratory studies. Changes in 
thermal conductivity of the gases eluted from a column are 
mostly detected with a heated filament detector (fig. IV-8). 
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Fig . IV-8. Thermal conductivity detector (Wheatstone bridge) . 
Rl. -Analysls cell, R2. -Reference cell, R3. and R4. -Fixed resistances. 
When an electrical current is applied to a platinum or tungsten 
wire, it becomes warmer than the surrounding gas , and heat is  
carried away at  a rate dependent on the thermal conductivity 
of the gas . When pure helium surrounds the platinum filament. 
the heat produced in the wire is very quickly conducted, s o  
that the temperature of the wire i s  relatively low . When 
the helium is  mixed with other gas es, s uch as  oxygen, th e 
thermal conductivity of the mixture is reduced, and the 
temperature of the platinum fila ment ris es . This increas es 
the electrical resistance of the platinum wire. This increas e 
in resistance, is measured with a Wheatstone bridge and 
related to the concentration of the gas to be measured . 
The change acros s the Wheatstone bridge is recorded. Recor ­
ders with a s ensitivity of 1 millivolt for full-s cale deflection 
are mostly used. In order to follow the rapid r.hanges in gas 
concentrations as the components are eluted, the recorded 
must als o have a relative short respons e time, less than 
one s econd for full -scale deflection. 
IV - 3 .  6 .  IDENTIFICATION AND CALCULATION O F  GAS CONCENTRATION 
1 1As each component is eluted from the column and detected 
with the detector, a curve is recorded which identifies that 
component gas . This identification is bas ed on the time 
required for the appearance of the curve after the sample 
was introduc ed. The identification is made by comparing the 
appearance time for the curve with that from a standard 
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(known) gas mixture. It must known that no other component 
in the mixture has the same appearance time, since some 
combinations of gases may not be separated with the particular 
column employed. The concentration of a component gas 
(Cx) is determined by comparing the response curve (Rx) 
from the sample, with the response curve from an equal 
volume of a reference gas (Rref. ). of known composition 
(C ref. ). 
Cx 
Rx 
= C ref. --­
Rref. 
The size of the response curve can be expressed in units 
of total area or, if the unknown gas and reference gas 
were introduced by identical techniques, in units of peak 
height (maximum height of the curve)" (Hamilton et al. , 
1 96 1 ) .  Both methods to express the results in gas chromato ­
graphy are used. The surface area of the chromatographic 
curve provides a higher reproducibility of the results ( Leijten, 
1 9 6 7).  Both methods require a stable base line, particularly 
when the results are expressed as the surface area of the 
curve. In case of shifting of the base line, an auxiliary line 
should be drawn on the base of the curve and this line should 
be taken as basis of the surface area of the curve. The procedu­
re is, of course, arbitrary and the results are less accurate. 
When the peak is high and sharp, an unstable base line plays 








Fig. lV-9. Methods to express the results in gas chromatography. 
in fig. IV-9. To calculate the results as surface area takes 
more time than the other method. Recently many techniques 
have been described for converting chromatograms to digital 
data. A recent study (Aerograph, 1966) has shown the following 
order for increasing precision in peak area measurements. 
Typical standard deviations are given: 
1 .  Planimetry 
2. Triangulation 
3. Height x Width at ½ height 
4. Cut and weigt peaks 
5 .  Ball and disc integrator 
6 .  Electronic digital integrator 
4 %  
4 %  
2 . 5 % 
1 .  7 % 
1 .  3 % 
0. 4 % 
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C H A P T E R  V 
GAS CHROMATOGRAPHY IN BLOOD GAS ANALYSIS 
V - 1 Introduction 
Twenty five years ago, Martin et . al . ( 1 94 2) showed that 
the principle of chromatography could be used to separate 
the components of a gas phase .  Afterwards Ramsey ( 1 959 )  
and Hamilton ( 1 959 )  made possible its application to the ana ­
lysis of respiratory and blood gases . Since then many 
publications have appeared. C ompared with other methods 
for blood gases measurement , gas chromatography has 
many advantages :  it requires a small amount of blood , all 
the existing gases can b e  m easured in the same sample of 
blood, automation is possible , and the results can be 
recorded.  Apart from this , gas chromatography has the 
advantage that the composition of the expiratory gas can be 
determined , including gases such as neon and carbon m onoxide. 
The last possibilities are of great interest to those labora ­
tories working not only in blood gases ,  but also in other 
tests of  pulmonary function . A disadvantage of  gas chromato­
graphy is that gas amounts are measured, while clinicians 
are most interested in gas tensions . Another disadvantage 
is the cost of the apparatus whose maintenance is also 
rather expensive .  
The analysis of gases present in blood by gas chromato­
graphy requires the following steps (Farhi et . al . , 1 964) : 
a) Release of the chemically bound gases by addition of 
appropriate reagents .  
b )  Extraction of  the gases by vacuum , stripping or equili ­
bration with a gas phase where the initial partial pressure 
of the gases to be analysed equals zero. 
c) Identification of the different components of the extracted 
gas mixture . 
d) Determination of the exact amount of each component . 
To  fulfill these purposes many techniques to apply gas 
chromatography to the analysis of blood gases have b een 
described in a short time (table V - 1 ) . The greatest difficulty 
is  the isolation of the gases from the blood and their transfer 
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to the gas chromatograph system . To overcome this difficulty 
three groups of methods have been described: 
a) Vacuum ext raction: the blood sample together with the 
required reagents are int roduced in the extraction chamber 
of a Van Slyke apparatus, or one of the modified Van Slyke 
chambers. The gases are extracted by vacuum . The inj ection 
of the extracted gases into the gas chromatog raph circuit 
1s made by means of a specially designed stopcock system 
adapted to the extracting chamber . 
b) Flow through system : the blood sample and the required 
reagents are introduced in a specially designed chamber, 
which is placed in series with the columns, and which is 
percolated by the carrier gas. In this way the gases are 
evolved by the carrier gas , and t ransferred by the mobile 
phase which bubbles through the liquid (blood and reagents) . 
c) Equilibration system : a small amount of gas of the 
mobile phase i s  equilibrated with the blood sample . This 
gas is then t ransferred into the m obile phase of the gas 
chromatograph using different procedures. 
A detailed analysis of the advantages and disadvantages 
of these methods can be found in the paper by Farhi et . al . , 
l 964. F rom the papers so far published , it seems that the 
extraction of gases and their injection in the gas chromato ­
graphic circuit is not completely solved yet , and none of 
the methods is completely satisfactory for its routine use 
in clinical work. 
V -2. F and M. model 450 blood gas analyzer. 
V -2. 1 INTRODUCTION 
The results described in Chapter VIII were obtained 
with a gas chromatograph specially designed for the analysis 
of blood gases (F . and M .  Scientific* model 45 0). In 
this model, the extraction and injection of the sample in 
the circuit of the chromatograph is different from the other 
m odels so far described . When these investigations were 
started (Septem ber,  1 963), there were only a few gas 
chromato.graphs of this m odel in the United States. N o  data 
had been published using this gas chromatograph. 
-> F. and M.Scientific is a division of Hewlett Packard, U. S.A. 
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V -2 .  2 METH OD AND PROCEDURE (FIG. Y -1) 
In the F. and M. model 450 blood gas chromatograph, 
the blood is mixed with the reagents in a small plastic 
vial, which has previously been washed out with the carrier 
gas (in this case helium) . The reagents evolve the gases 
chemically bound to the blood. The vial is then placed in 
the injection system, and the gases are automatically trans -
ferred into the gas chromatograph. The vials are disposable, 
uw 
Fig. Y-1. Diagrammatic presentation of the F and M model 450 blood gas analyser. 
1. Helium tank; 2. blood sampling valve with diaphragm metering valve; 3. plastic 
reaction vial with rubber caps; 4. stripping assembly; 5. syringe for injection of blood; 
6. releasing agents (0. 5 ml of caprylic alcohol, 75 µl detergent 450 -10;  0. 3 ml of 
concentrated sulfuric acid , 0 . 15 grams of potassium ferricyanide. distilled water to 
25 ml of solution); 7. shaker; 8. water absorber (45"/o phosphorus pentoxide); 9.  charcoal 
column (F. and M. 450 -AC 1 , 1/8" o. d .  by 12"); 10. therma l  conductivity detectors; 
1 1 .  carbon dioxide absorber (KHO on chromosorb); 12, molecular sieve column 13x 
(F. and M. 450 -0Nl.  1/4" o . d .  by 24"); 13. detector (see 10) .  
Step I : The reaction vial (3) is purged by helium. 
Step II : The blood and reagents are metered by the valves (2) 
the blood is flushed by the reagents into the vial (3) 
Step Ill: The reaction vial is shaken for 4 minutes to release blood gases. 
Step IV: The reaction vial is placed in the stripping assembly ( 4) 
and the released gases are purged into the chromatographic system. 
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every analysis requ1rrng a new one . A complete analysis 
requires the following procedure: 
1) An 1 ml plastic reaction vial whose ends are closed 
with rubber stoppers is placed on the sampling valve. Through 
this valve, the reaction vial is washed out with helium from 
the cylinder for 1 minute. This helium flow is indepent of 
the helium used as carrier gas for the gas chromatograph. 
With a T-piece two independent pressure regulators are 
placed on the same helium cylinder. 
2) Then the blood sample is injected from the sample 
syringe in the sampling valve. Subsequently the blood and the 
reagents are transferred to the vial by means of the helium 
pressure. The amount of blood ( 5 0 µ1) and reagents ( 1 5 0 µ1) 
are automatically measured by the sampling valve and the 
diaphragm metering valve respectively . The reagents are 
washed �with helium before use . 
3) The reaction vial is shaken for 4 minutes in order to 
evolve the blood gases. 
4) Then the reaction vial is placed in the "stripping" system 
where the gases are transported to the columns. This system is 
completely automatic: pneumatically driven needles perforate 
both rubber stoppers of the reaction vial. In this way, the vial 
is purged by the carrier gas and the blood gases are trans­
ported by the flow of helium to the columns. Separation of 
carbon dioxide from oxygen and nitrogen is achieved by a 
charcoal column, and oxygen from nitrogen by a molecular 
sieve. Both columns are protected by suitable absorbers 
( P2 05 on chromosorb as desiccator and KOH on chromosorb 
for carbon dioxide ) . The detectors are of the thermal con ­
ductivity type .  The detector output is recorded o n  a Minnea ­
polis Honeywell recorder, model 18 .  
In the work report here: Blanks were obtained by applying 
the above mentioned procedure with boiled distilled water. 
Usually the blanks were constant, but not zero . This was 
probably due to undetectable small leaks or to diffusion of 
room air into the "stripping" system. For this reason the 
"stripping" system had to be purged with helium just prior 
to the analysis of blood. This was done by an unloaded helium 
filled vial. In this way contamination was constant and duplicate 
blanks agreed very well. An example of a chromatogram 
obtained with this blood gas chromatograph is given in fig. V-2. 
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Typical 1J11lyah of a blood auplo 
A. tnjactton of blood 11111 
B. carbon dtoxtdo: aanatlhtly Z50 (• x 4) 
C. oxygon: 11n1tlhtly 850 (• , 1.2) 
0. nt lrogon: aanatlt,tly 150 (• 1 1.Z) 
Fig. Y-2. Chromatogram of blood gases obtained with F and M model 450 blood gas analyzer. 
Initially, adequate stripping of the blood gases was trouble­
some, because of insufficient anti-foam action of the evolving 
agent. This was probably due to stratification of the reagents 
in the metering valve. When the anti-foam substance was 
omitted in the releasing agent, and 0. 02 ml of this substance 
was placed in the reaction vial before it was closed off by 
the rubber cap, an adequate anti-foam was obtained. 
That no results on this semi -automatic system have been 
published and that this method has never been incorporated 
into routine work, could be attributed to technical difficulties. 
In fact that was the case. After the co mparative study was 
finished (chapter VIII) serious technical problems in the 
sampling system occured and following advice the manufac­
turers discontinued the construction of the 45 0 model. 
V-3 .  Recirculation system 
V -3. 1 INTRODUCTION 
The difficulties in the techniques for extraction and injec­
tion of blood gases make its use in clinical routine unreliable. 
This may be one of the reasons that, in a short time, several 
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systems of gas extraction and injection have been described 
(table V-1); this also suggests serious drawbacks for clinical 
TABLE V -1 
METHODS FCR INJECTION OF BLOOD GASES INTO A CHROMATOGRAPHIC 
SYSTEM 
Vacuum extraction 
' Flow -through ' system : 
Equilibration system : 
1959 Ramsey 
1959 Hamilton 
1961 Lukas et al. 
1961 Edwards et al. 
1963 Farhi et al. 
1963 Natelson et al. 
1959 Taylor et al. 






1966 Lenfant et al. 
Van Slyke apparatus 
Microgasometer 
Fisher system 
' Flow -through ' chamber 
Modifield Fisher system 
Equilibration chamber 
Beckman system 
F and M vial system 
Equilibration flow -
through cuvette 
work. Stimulated by the unquestionable advantages of the 
method (possibility of automation and saving of time in the 
analysis), we decided to explore its possibilities further. 
This paragraph is devoted to the description of a new sampling 
system which can be applied to every gas chromatograph 
designed for gas analysis . This modification allows the 
determination of gases in blood . 
V -3. 2 APPARATUS•) 
The recirculation system is schematically represented in 
fig . V-3. It consists of a membrane pump (9), a four -way 
bypass valve (5), a reaction cuvette (6), and a gas sampling 
valve with a gas sample loop (10). The helium supply is 
independent of the helium line to the gas chromatograph . 
Both helium lines are connected to the same cylinder ( 1 ), 
by means of separate reduction valves (2, 3). Traces of 
•) The paragraphs V-3. 2 and V-3. 3 have been partly published in J. Appl. Physiol. 




Fig. V-3. Diagram of the recirculation system for the release of blood gases and their 
uansfer to the gas chromatograph. 
1. helium cylinder, 2 and 3 reduction valves, 4. moisture uap, 5. four­
way by-pass valve (position A :  wash out of the system, position B: recir­
culation in the system) ,  6. lucite cuvette with teflon support, 7. O. 5 ml 
sample syringe, 8. gauze-filled tubing, 9. membrane pump, 10. gas sample 
valve with sampling loop ( position A: the loop is part of the recirculation 
system, position B: the loop is connected to the helium line of the gas 
chromatograph) . 
impurity and moisture in the carrier gas are removed 
by a molecular sieve in both helium lines (4). The sampling 
valve (10), is a commercially available F .  and M .  valve 
(type GV-10) with a 5 ml sample loop (type L-050). This 
valve has two positions: A, the sample loop is connected 
to the recirculation system; B, the gas in the sample loop 
is transferred to the gas chromatograph . The four -way valve 
(5), also has two positions: A, the recirculation system is 
washed out by the carrier gas, flow rate 40 ml/min; B, 
the carrier gas is recirculated through the closed circuit 
by the membrane pump, the output of which can be regulated 
and is adjusted at about 30 ml/ min. The rubber parts of the 
pump are coated with a thick layer of plastic in order to prevent 
any leakage and diffusion of gas through the walls. The 
5-ml Lucite cuvette (6), internal diameter 1 5  mm, is 
connected, air-tight, to a support by an O ring. The tubing 
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to and from the cuvette is made of stainless steel (4mm 
outer diameter) . The support contains a hole, wherein the 
cone of a syringe can be fixed. For the injection of blood 
in the recirculation syste m a 0. 5 - ml tuberculin syringe with 
1 00 scale division is used. A needle, 0 .  6 mm inner diameter, 
length 30 mm, is soldered to  the cone of this syringe . 
When the syringe is fixed in the s upport, the tip of the needle 
is immersed in the reagent s .  Overflow of fluid from the cuvette 
to the sample loop of the valve ( 1 0) may occur when the flow 
rate of the gas in the recirculation system is too high. 
For safety, a small tube filled with s urgical gauze (8 ) . 
is placed in the circuit . The various components of the gas 
circuit are connected by brass or thick-walled nylon tubing 
( 4 mm outer diameter) . Most of the connections are s oldered. 
The gas volume of the closed circuit, including the sampling 
loop and the cuvette filled with reagents and blood, amounts to 
about 12 ml. 
For the analysis a F .  and M. gas chromatograph ( 700 - 00 1 9F ) 
is used.  The gas sample first  flows through a desiccator 
(P2 05 on chromosorb) , and then enters an activated charcoal column ( F .  and M . ,  AC - 7 002 -CU-¼ inch-A - 1 5) .  which separates 
carbon dioxide from the other gases at a temperature of 
1 6 0° C .  The first peak that appears is the composite, as 
detected by the first detector . Shortly after the composite, 
the carbon dioxide peak is detected. The carbon dioxide is 
then absorbed by KOH on chromosorb. The oxygen-nitrogen 
composite flows through a second desiccator and then passes 
into a molecular sieve (F . and M . , AC -700 -C U - ¼  inch -A - 3 5 ) ,  
which separate s oxygen from nitrogen at room temperature 
(this column is placed outside the column oven) . The oxygen 
and nitrogen peaks are then detected by the s econd detector. 
Both detectors are included in the same Wheatstone bridge 
and have opposite polarity. For that reason polarity should 
be changed when the carbon dioxide is eluted. 
During the measurement helium pressure is 3.  5 kg/ c m2 , 
corresponding to a flow rate of approximately 75 ml/ min. 
When the apparatus is not used the pressure is reduced to 
0. 7 kg/c m2 , corresponding to a flow rate of 20 ml/ min. 
The temperature of the detector block is maintained at 
1 5 5 °C ,  and the brigde current is s et at 2 00 mA about 30  
minutes prior to  the determinations . C arbon dioxide is 
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measured with attenuation of one-eight of maximal sensiti­
vity; oxygen and nitrogen at half the maximal sensitivity . 
The brigde output is recorded on a 1-mv Honeywell recorder . 
After use, the brigde current is switched off, but not the 
heating of the detector block and the column oven. 
The reagents for the release of blood gases in the Lucite 
cuvette are those recommended by Bartels et al. ( 1 9 5 9) for 
the Van Slyke-Neill manometric technique: 
solution a: potassium ferricyanide 32 g 
saponine 8 g 
caprilyc alcohol 4 .  5 g 
solution b: 10 ml lactic acid (density: 1 .  2 )  
water t o  1 000 ml. 
Equal volumes of both solutions are mixed just before use. 
Since, in the recirculation system, the gases evolved from 
blood are distributed in a fixed volume, it is necessary to 
measure carefully the volume of the reagents . In addition, 
the gauze filling (fig. V-3) should not be changed after 
calibration. 
V - 3. 3 METHOD AND PROCEDURE 
The Lucite cuvette is filled with 1 .  5 ml of the reagents .  One 
drop of caprylic alcohol is added as anti-foam . Next , the cuvette 
is connected to the teflon support . The blood is transferred 
from the 10-ml syringe to the O. 5 - ml syringe. Most of the 
first load is discarded, leaving only blood for the filling of 
the dead space of syringe and needle. Then exactly 0. 5 ml of 
blood is drawn into the syringe; the error in estimating the 
blood volume is about 1 %. The O. 5 ml tuberculin syringe 
has 1 00 scale divisions. The conus of the O. 5-ml. syringe 
is now placed in the hole of the teflon support . The plunger 
of the syringe fits tightly, and is not displaced when the 
syringe is in the vertical position. 
With both valves (5) and (10) in position A the recirculation 
system is washed out during 3 minutes by helium. During 
this manoeuvre, helium is bubbled through the reagents in 
the cuvette in order to remove physically dissolved oxygen 
and nitrogen. Prolongation of the washout period has no 
influence on the measurements on blood. This indicates 
that diffusion of gas out from the blood through the needle 
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into the reagents is negligible.  Valve (5 )  is changed to 
position B, thereby dis connecting the cuvette system from 
the helium supply, and from the atmosphere .  Circulation of 
gas in the system is maintained by the membrane pump. 
Next, the blood sample is injected into the reagents in the 
cuvette . After 3 minutes the gases have been released from 
the blood and equilibrium between gas and liquid phase is 
obtained. A c onstant fraction of the gas in the recirculation 
system is transferred to the gas chromatograph by changing 
gas -sampling valve ( 1 0) to position B. At the same time a part 
of the helium under high pres sure in valve ( 1 0) is transferred 
to the recirculation system. This s lightly increases the 
pressure inside the cuvette system. This increase in pres ­
sure is cancelled out by removing the cuvette from the support. 
T wenty s econds later valve ( 1 0) is replaced to position A .  
In  the 4 minutes in  which the chromatogram is  recorded, 
the cuvette and the tuberculin syringe are c leaned and prepara­
ted for the next determination. In this way duplicate determina­
tions can be performed in approximately 1 5  minutes . A typical 
chromatogram is given in fig. V -4 .  For measurement of 
.. C 
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Fig. V-4. Analyses ofhlood gases by chromatography 
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(0.5 m l  sample, determined i n  imriplicate Fand M model 700, cuvette system 
I = injection C = composite 
C02(x4} 02(x2} N2(x2} 
carbon dioxide the apparatus is calibrated with solutions 
containing various concentrations of s odium carbonate, the 
carbon dioxide content being calculated on the base of the 
weight of the dry s ubstance.  The analytical procedure for 
the sodium carbonate solutions is identical to that for blood . 
For measurement of oxygen the gas chromatograph is calibra­
ted with various gas mixtures of oxygen and nitrogen. Daily 
control of the calibration is performed by analysis of room 
air.  For this O. 5 ml of room air is injected into the cuvette .  
The procedure i s  the same a s  for blood with exception that 
the cuvette is filled with 2 ml reagents instead of 1 .  5 ml 
as in the cas e in the analysis of blood. In this way the 
ratio between gas and liquid volumes during calibration was 
kept equal to that during analysis of blood. For calibration 
with room air it is important to use a moisted syringe and 
to avoid warming of the syringe when handling it . 
Data on the res ults obtained with this method of extraction 
and injection of th e  gas s ample in the circuit of gas chromato ­
graph are described in chapter IX. 
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C H A P TE R  V l  
CO MPARISON OF THE INFRA - RED METHOD AND THE 
VAN SLYKE APPARATUS FOR BLOOD CARBON DIOXIDE 
ANALYSE S . *)  
VI -1  . Introduction. 
Since 1 924,  the manometric technique of Van Slyke and 
Neill has been the standard procedure for the estimation of 
the carbon dioxidP content of blood . This method gives 
sat isfactory results,  but has the disadvantage of being time 
c onsuming , while accuracy fully depends on the s kill of the 
technicians . 
This chapter deals with the accuracy of the infra -red method 
at various carbon dioxide tens ions in blood . The results are 
compared with those obtained by the conventional Van Slyke -
Neill technique b oth under "routine " and "opt ima.l"  laboratory 
c onditions . 
VI - 2 . Methods. 
B lood samples were drawn from systemic arteries of  
patients with pulmonary disease in whom blood gas analysis 
was indicated . The aliquots were collected anaerobically in 
10 - ml gla.ss syringes ,  the dead s pace being filled with heparin 
solution (2000 U/ml) and a mixing ring . All determinations 
were performed within 4 hours after sampling and the syringes 
were stored in a refrigerator (ca . +3 ° C) until analysis . Since 
it concerned a c omparative s tudy, the values were not 
corrected for dilution of blood by the anticoagulant . The 
procedure was as follows (table VI- 1 ) :  equilibration of blood 
with ga.;; mixtures of known carbon d ioxide concentration.; 
(res pectively 4 .  0, 7 .  8 and 1 3 .  6%, carbon dioxide in oxygen) : 
was performed with a Laue tonometer {chapter II- 9 ) . Time 
*) Parts of this chapter have been published in I. Appl. Physiol. 21:1377 , 1960 . 
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Table VI-1 
Scheme of the· method of the comparison 
4. 0 techniq ue K
Van Slyke-Nei.11  
Rlood sample ---- 7 . 8  vol "/o CO2 
13. 6 
---------� Infra-red method 
60 min. 




of equilibration amounted to 60 minutes . Flow rate of the 
gas stream through the tonometer was 50 ml/ min, the 
quantity of blood was 3 ml, temperature of the water bath 
was 3 8° C .  The gas cylinders were analyzed by the Scholander 
technique (chapter II- 3 ) . The Van Slyke -Neill technique was 
applied in the conventional way, using aliquots of 1 .  0 ml of 
blood, according to th� instructions �iven by Bartels et al .  , 
1 95 9  {chapter II-4) .  The infra -red analyzer (Godart , Utrecht; 
Capnograph, type CG / 5 8003)  was used with the modification 
as described in chapter III . 
VI - 3 . Results and comments . 
First the reproduc ibility of the Van Slyke -Neill technique was 
established under different c onditions . By "reproducibility " 
is meant agreement between two determinations of the same 
specimen . Under optimal c onditions the reproducibility for 
the carbon dioxide c ontent in blood is about 0 .  2 mmol/1 
(Bartels et al . , 1 95 9) ,  and these results are in accordance with 
this (table VI - 2 ,  first line) . These determinations were per ­
formed by one well-trained technician who worked exclusively 
with the Van Slyke apparatus . Following the knows equilibration 
the blood samples were kept in the t onometer until analysis . 
Under rout ine c ondit ions, reproducibility of the manometric 
technique was disappointing_and significantly worse than under 
optimal circumstances { p  < 0 .  05)  (table VI - 2 ,  second line) . 
In this case the samples were analyzed in duplicate without 






Carbon dioxide content (mmol/1) of blood determined by the Van Slyke-Neill  





Van Slyke-Neill  method Optimal conditions 29 21. 96 21. 98 
Routine conditions 35 22. 70 22. 73 
Infra-red method Mean tonometer Pco
2 
= 28. 4  mmHg 28 18. 21 18. 30 
Mean tonometer Pco 
2 
= 55. 5 mmHg 28 23.60 23. 61 
Mean tonometer Pco
2 
= 96. 9 mmHg 28 30. 02 29. 7 0  
Van Slyke-Neill  ( M
1
) versus infra-red method (M
2
) 26 21. 75 21. 84 
- · SD 
-0. 02 0. 26 
-0. 03 0. 37 
-0. 09 0 . 23 
-0. 01 0 . 25 
+0. 32 0 . 46 
-0. 09 0 . 41 
n = number of samples, M = arithmetic mean, V = mean difference, SD 
v 
= standard deviation of the differences 
between duplicates. • No significant differences. 
carried out other routine work.  In both series all measure -
ments were accepted, even when duplicates showed con ­
s iderable differences .  These findings clearly demonstrate 
that the accuracy of the Van Slyke -Neill technique depends 
on the laboratory conditions and should not be over -estim ated 
for daily routine work . 
Reproducibility of the infra -red method was tested in 2 8  
blood samples . Each sample was equilibrated with three 
different gas mixtures (chapter II- 9) in a Lau� tonometer . 










(CO mmol/1 blood (Intra-reel &Miyao,, flrn determlnatkln) 
20 25 JD JS '° 
Fig. VI-1. Carbon dioxide content of 84 blood samples determined by th4 infra-red 
method in duplicate. 
At the lower carbon dioxide tensions (mean Pco2 =2 8 .  4 and 
5 5 .  4 mmHg ) ,  the s tandard deviation of the differences between 
duplicates (SDv ) ,  measured by the infra -red method and by 
the manometric technique (optimal conditions ) do not differ 
significantly (p < 0 .  05) . At a high carbon dioxide tension 
however, reproducibility of the infra -red method was worse 
than in the lower ranges and was about the same as the 
reproducibility of the Van Slyke -Neill procedure under routine 
conditions in the lower ranges . 
In a third series of experiments ,  2 6  blood samples were 
analyzed once by both methods under routine laboratory condi­







(COt> mmol/1 blood (van SlykeJ 
20 2S lO 
Fig. Vl-2. Carbon dioxide content of 26 blood samples determined by the infra-red 
method and compared with the CO
2 
content as determined by the Van 
Slyke-Neill method. 
did not differ significantly . The standard deviation of the 
differences was about the same as found between the duplicates 
with the Van Slyke-Neill method under routine conditions . 
During the 6 hours of the experiment, the blood sample was 
kept almost constant by continuous equilibration in a Laue 
tonometer (chapter II-9) . The Van Slyke -Neill technique and 
the infra -red method provided nearly indentical results on 
blood . 
VI-4 Conclusions. 
Determination of the carbon dioxide content of blood by 
the infra -red method, provides several advantages over 
the Van Slyke -Neill procedure under comparable operating 
conditions . For reason of its simplicity, the results obtained 
are practically independent of the s kill of technicians and 
on laboratory conditions . Calibrations of the apparatus 
requires only a few minutes and needs be performed but 
once a day . The apparatus is stable and sturdy and needs 
practically no maintenance . Our instrument has been in 
daily use for more than 2 years without any repairs . 
1 04 
The most important disadvantage of  the infra -red method, 
however, is its lim itation to the analysis of carbon dioxide, 
whereas the Van Slyke -Neill method is more versatile (carbon 
dioxide and oxygen and other gases) . Furthermore, the infra­
red method should not be used for samples obtain(:!d during 
surgery because anaesthetic gases may interfere .  
1 05 
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C H A P T ER V I I  
COMPARISON BETWEEN THE INFRA -RED METHOD, T HE 
INTERPOLATION TEC HNIQUE ACC ORDING TO ASTR UP AND 
METHODS USING MEMBRANE ELECTRODES FOR THE 
MEASUREMENT OF BLOOD CARBON DIOXIDE TENSIONS. �') 
VII- 1 .  Introduction . 
This chapter is devoted to the co mparison between those 
methods commonly used (Astrup ' s  interpolation method and 
membrane electrodes) and the infra -red method . In the 
previous chapter it was concluded that the infra -red method 
can eas ily replace the Van Slyke technique for the blood 
carbon dioxide determination .  
Comparison between the various variables measured (Pco2 , 
pH and [CO2 ])  is possible s ince all of them can be related 
by the Henderson-Has selbalch equation or by nomograms . 
VII-2 . Method and material . 
This study was carried out with venous blood from 14  
normal subjects,  and with arterial blood from 1 4  patients 
whose arterial blood gases were altered because of respirat ory 
disease (table VII - 1 )  2 5  ml blood samples were drawn with 
a glass syringe in which a mixing ring was placed and who se 
dead s pace was filled with solution of herparin (200 U/ ml) . The 
dilution of the blood by the heparine was about 2o/o . No 
correction was made since it was a comparative study . The 
procedure (table VII-2)  was as follows : every s ample of 
blood was divided into 4 parts of 5 ml . These were equili ­
brated with gas mixtures containing different carbon dioxide 
concentrations in oxygen . Equilibrat ion was carried out in a 
Laue tonometer (chapter II- 9 ) .  The equilibration gases were 
analyzed in duplicate with a Lloyd -Haldane apparatus and 
•) Parts of this chapter have been pubhshed in Ned. T .  Geneesk. 112: 762,  1968. 
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Table Yil-1 
Clinical diagnosis of the 14 patients whose blood have been used for the 
comparison between three methods to measure carbon dioxide in blood. 








(Years) (m1r.Hg) ( units) bicarbonate 
maeq/1 plasma 
R. G. 53 M Bronchial carcinoma + CNSLD 59 70 7 . 30 33 
R. O. 51 M CNSLD + emphysema + right heart failure 70 71 7 . 31) 31 
B.P .  35 M Bronchial asthma 66 59 7 . 41 39 
S.M.  58 M CNSLD + emphysema + right hean failure 77 89 7 . 24 30 
K. S .  48 M CNSLD 88 40 7 . 49 29 
W. B. 50 F Bronchial asthma 84 51 '/ . 40 28 
D. W. 59 F Brain tumor 74 31 7 . 55 '<:6 
o. w. 67 M CNSLD 94 '±0 7 . 5::! 32 
W . J .  60 F CNSLD + emphysema -� lung fibrmi� 70 49 7 . 30 26 
H.J .  60 M CNSLD + emphysema + right heart failure 46 95 7 . 21 36 
P . R. 58 M CNSLD 87 27 7 . 51 2-i-
B.J .  58 M Asthmatic bronchitis + emphysema 68 66 7 . 58 48 
P. B. 36 F CNSLD 91 40 7 . 47 28 




Blood sample ---� 
(25 ml) 
n = 28 
Tabie Vll-2 





5. 7 in oxygen 
11 .  3 
15. 3 
Gases were analysed by the 
Lloyd - Haldane. technique and 
the Scholander technique 
Measurements 




] infra-red method 
in duplic ate 
Hemoglobin concenuation 
(Vitatron) in duplicate 
r 
with the Scholander apparatus (chapter II - 2  and Il- 3 ) . After 
one month, the analysis were repeated to check the stability 
of the composition of the cylinder gases . The sequence of 
the various equilibration gases was aselect in order to avoid 
systematic errors due to a fixed sequence of the measure­
ments . The measurements mentioned in table VII -2  were 
carried out on each sample . For the blood pH measurement, 
samples were transferred by suction from the tonometer to 
the electrode with the help of a small polyethylene tube . 
The pH meter was calibrated before and after each blood 
determination (chapter Il- 8 ) . Astrup 's interpolation technique 
was performed as described in chapter II- 5 .  Mixtures con ­
taining 2 .  8 and 10 .  1 vol o/o carbon dioxide in oxygen, were 
used to equilibrate the samples in the micro -tonometer . The 
samples were transferred from the Laue tonometer to 
Astrup's micro -tonometer by means of a 2 - ml pipette. Carbon 
dioxide tension and the bicarbonate ion concentrations were 
calculated using the Siggaard-Andersen nomogram ( 1 9 64 ) .  
Direct carbon dioxide tension determination was performed 
with a Radiometer membrane electrode type E 503 1 ,  whose 
membrane was changed once during this investigation. The 
electrode was controlled daily by means of gases containing 
2 .  8 and 1 1 .  4% carbon dioxide in oxygen . The bicarbonate 
ion concentration in plasma was calculated from pH and Pco2 , 
using the Singer and Hastings nomogram ( 1 948) as modified 
by Brunsting (1 962) . The fact that this nomogram is cal ­
culated for a temperature of 3 7
°
C .  while our determinations 
were carried out at 3 8° C .  was not taken into account . Blood 
total carbon dioxide was measured using the infra - red tech ­
nique, as described in chapter III- 3 .  The blood samples were 
transferred from the Laue tonometer to the cuvette by means 
of a 0 .  5 -ml tube rculine syringe. Calculations were made 
using Brunsting ' s  nomogram. Hemoglobin concentration was 
photometrically measured in duplicate (Vitatron, type HbF 
1 00) , as well hematocrit values . 
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VII-3 . Results . 
Vll-3 . 1 BLOOD ACIDITY. 
As already mentioned in chapter II-7, in 92% of all 
measurements, differences between duplicate determinations 
were equal or less than O .  01 pH units . In the normal range 
- i. e .  a Pco2 of about 40 mmHg and pH of about 7 .  40 - a 
difference of 0 .  01 pH units is equivalent to a difference of 
1 mmHg in blood P co2 and a change of about O .  6 mmol/1 
in blood bicarbonate. 
Vll-3 -2 BLOOD CARBON DIOXIDE TENSION. 
Blood carbon dioxide partial pressure was measured in 
three ways: 
1)  direct determination by means of a membrane electrode 
( P cotectr. ) ;  
· A , · l . h d ( 
Astrup 
2) usmg strup s mterpo at10n met o Pco9 ) ;  
3) calculated from the Singer -Hastings nomogram from the 
total blood carbon dioxide as determined by the infra-red 
method ( P co/ R· ) . 
Measured carbon dioxide tensions were compared with 
those of the gas used for the equilibration (table VII-3) . Every 
value represents the arithmetic mean of duplicates, except 
those obtained with the membrane electrode . Previous ana­
lysis indicated that, for a comparison between the methods, 
it makes no difference whether the blood is drawn from 
normal subjects or from patients . Therefore the data from 
normal subjects and patients are combined . 
The mean differences between the measured and calculated 
carbon dioxide tension, and the partial pressures of the 
equilibrating gases were statistically non-significant . Standard 
deviations of these differences are almost the same for the 
three methods and increase as the carbon dioxide tension 
increases. Variation coefficients vary between 2 .  6 and 4. 9% , 
the mean value being 3 .  6% . This data has been represented 
in figures VII-1,  VII-2 and VII-3 . This analysis shows that 
equivalent results are obtained with these methods.  




Mean differences (v) and the standard deviations of the differences (SD ) between Pco resp. [ Hco
3
- ]values as 
measured in blood with three methods and the Pco
2 
of the equilibrauons gas resp. the [H�o3-J as calculated from 
the Pco
2 
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m aeq I plasma 
n V 
28 +0. 4  
28 -0 . B  
28 -v. 4  
28 o . o  
28 +1 . 0  
28 +0 . 6  
mean values of the tonometer gas ( mrnHg) 
26. 6 40. 9  80 . 0  108. 8 
SD v SD v SD v SD 
V V V V 
0. 9 +0. 2 2. 0 +0. 3  2. 1 -2. 3 3 .7  
1. 1 -1. 7 1 . 4  -t·0 . 6  2. 6 +2. 0 4. 9 
1. 2 -1. 4 1. 5 -2. 5 3. 4 -3. 6 4. 4 
0. 9 +0. 2 1 . 0  +O. l  0. 9 +0. 5 1 . 4  
1 .  2 +1. 2 0 . 9 o. o 0. 9 +0. 7  1 . 9  









Fig. VII-1. Comparison between the partial pressure of the equilibrating gas and the 











Fig. Vll-2. Comparison between the partial pressure of the equilibrating gas and the 













Fig. VII-3. Comparison between the partial pressure of the equilibrating gas and the 
results obtained with the infra-red method. 
Vll - 3  - 3  PLASMA BICARBONATE ION CONCENTRATION. 
Plasma bicarbonate ion concentration, was calculated with 
the method according to Astrup, using the nomogram of 
Siggaard -Andersen ( [HC03 
- ]
Asuup
) Likewise, bicarbonate 
concentration was estimated using the modified nomogram 
of Singer and Hastings, from blood carbon dioxide tension 
(membrane electrode) , pH and hemoglobin concentration 
([HC03 -
] Electr) .  Using the same nomogram, bicarbonate 
was estimated from blood total carbon dioxide, as measured 
with the infra-red method, pH, and hemoglobin concentration 
([HC0 3 - ]
1
. R. ) .  Finally, the bicarbonate concentration was 
calculated from the carbon dioxide tension of the equili -
brating gas, and blood pH ([ HC03 _ i
as
) using the Henderson­
Hasselbalch equation; the latter was used as reference value . 
The data is presented in the tables VII-3 and VII-4 . 
There is no statistically significant difference, either be -
tween the values obtained by the three methods used and the 
reference value, or between the three methods with each other . 
This applies to blood from patients as well as that of normal 
subjects. 
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CIA TION CONST ANT pK � ,  OF THE HENDERSON-
Relationship between acidity, carbon dioxide tension and 
plasma bicarbonate ion concentration is given by the Hendcr ­
son- Hasselbalch equation: 
[HC03 
- ] 
pH = pK'1 + log a Pco2 
where pKt is a constant made up by the first dissociation 
constant of the H2 C03 and the activity coefficient of NaHC 0 3 • 
If pH and Pco2 are measured and bicarbonate ion concentration 
is deduced from total carbon dioxide content of blood, it is 
possible to calculate pK� .  It is assumed that pH and Pco2 
are the same both in blood and in plasma . It appears that 
Table VII-4 
Mean values of the CO tension, bicarbonate ion concentration, pH and pK { 
































pH (N, B, S .  units) 
pK ' normal subjects 
pK � patients 
mean values of the tonometer gas (mmHg) 
26. 6  40 . 9  80. 0 108. 8 
28 27 . 0  41. 1 80 . 3  106 . 5  
28 25. 8  39. 2 80 . 6  110. 8 
28 26. 2 39. 5 77. 5 105. 2 
28 22, 7 26 . 2  32, 1 34, 6 
28 21. 6 25, 2 32. 3 35. 9 
28 22. 6 25 . 3  31, 2 33. 1 
28 7 , 544 7 . 427 7 . 228 7, 134 
14 6 . 106 6 . 118 6. 119 6. 113 
14 6. 110 6 . 114 6. 113 6. 115 
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pK� is practically independent of blood Pco2 and acidity 
(table Vll-4) .  It should be noted however, that at a pH of 
7. 544, the pK� values are somewhat lower than at the other 
pH levels. There is no difference between the pKt values 
in normal subjects and those in patients.  These results agree 
with those quoted in the literature (Robinson et al . 1934; 
Severinghaus et al . 1956;  Siggaard -Andersen, 1964; Maas, 
196 7; Rispens et al . 1968 ) .  
VJI-3 .  5 ESTIMATION OF THE STANDARD BICARBONATE, BUFFER BASE AND BASE 
EXCESS. 
Plotting, on the Siggaard-Andersen nomogram, the mean 
values obtained for pH and carbon dioxide tension measured 
with different methods, it is possible to estimate standard 
bicarbonate, buffer base, base excess and hemoglobin con­
centration (fig . VII-4). The three methods yield approximately 
the same pH- log Pco2 curve which is practically a straight 
line . The slope of three of these curves seems to be correct 
since hemoglobin concentration estimated from the no mo gram 
agrees with that measured with the photometric method . 
The single exception is the curve obtained with the method 
of Astrup; hemoglobin concentrations obtained with this method 
being slightly higher than those measured by the photometric 
technique . 
Vll- 3 .  6 DISCUSSION AND CONCLUSIONS. 
The Astrup interpolation method has the disadvantage of 
requiring equilibration of the blood with two different carbon 
dioxide concentrations . Another disadvantage is that carbon 
dioxide partial pressure is measured indirectly . Its has the 
advantages but also some disadvantages that all calculations 
are based on pH determinations requiring therefore little 
equipment (Rooth, 1967). 
The membrane electrode directly measures carbon dioxide 
partial pressure . When carbon dioxide tension, pH and 
hemoglobin concentration are known the other data can be 
obtained using the nomograms . It should be pointed out that 
membrane electrodes require very careful handling in order 
to obtain good results. 
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Fig. VII-4. pH - log Pco2 lines as obtained with the three methods (Astrup' s inter­
polation method, Pco
2 
membrane electrode and the infra-red method) . 
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The infra -red method has the advantage that it need s little 
care and supplie s reliable results even when the working 
c ircumstance s  are unfavourable . The carbon d ioxide tension 
1s indirectly calculated with the help of a nomogram, two 
other variable s :  pH and he moglobin concentrations should be 
measured . 
In conclusion, the three methods give similar re sults in 
the phys iological and pathological range s of blood carbon 
dioxide tensions . Measureme nts are accurate enough for 
clinical routine . The time taken in the actual determination is 
the same in the three methods .  Duplicate determinations of each 
method take les s  than 12 minute s .  The three methods are 
therefore equivalent concern ing results and time taken by 
the actual experiment . Therefore, other feature s should be 
taken into account to choose a mong the m for clinical routine 
(see chapter X ) . 
1 1 8  
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C H A P T E R  V I I I  
COMPARISON BETWEEN THE F .  AND M. MODEL 450 
BLOOD GAS CHROMATOGRAPH AND OTHER METHODS 
FOR BLOOD GAS ANALYSIS 
In this chapte r  the re sults  obtained w ith the F .  and M. model 
450  blood gas chromatograph, a s  described in the chapter 
V - 2 ,  are compared w ith other te chnique s  for blood gas 
analysis. 
VIII- 1 . Comparison between the F. and M. model 450 blood 
gas chromatograph and other methods for carbon 
dioxide analysis . 
Vlll- 1 .  1 .  METHODS 
The procedure used for this comparative study is presented 
in table VIII- 1 :  arterial blood s amples (1 5 ml) were drawn 
Table VIIl-1 
Schematic representation of the procedure for the comparison of the F and M gas 
chromatograph model 450 with other m ethods for carbon dioxide analysis. 
Blood sample 
15 ml n "' 28 
1 2 0  
Equilibration i n  a Laue 
Rotation Tonometer 
Gas Composition 
4. 0"/o CO2 1 
7. 8"/o CO2 in oxygen 
13. 6"/,, CO2 
Gases were analysed by 
The Lloyd-Haldane technique 
and the Scholander technique 
Measurements 
lnfr a-red method in duplicate 
( modified capnograph--Godart) 
Gas chromatography in dupli­
cate (F  and M, model 450) 
pH capillary electrode in du­
plicate (Radiometer) 
Pco2 membrane electrode in du­
plicate (Radiometer) 
from patients w ith respiratory d isease. and ve nous blood 
s amples from normal s ubject s .  E very s ample of blood was 
divided into 3 parts of 5 ml. The se were equilibrated w ith 
gas mixtures containing respe ctively 4 . 0 ,  7 . 8 and 1 3 . 6% 
carbon diox ide in oxygen. The proced ure of the equ ilibration 
is described in chapter ll- 9 .  The measurements ment ioned 
in table VIII- 1  were carried out on each equilibrated blood 
sample with the procedures as described in the chapters 
ll- 6 , III-3  and V- 2 .  In  gas chromatography peak he ights were 
used to calculate the re s ults.  Since the ele ctr ical s ignal 
given by the apparat us is linear for carbon d ioxide (fig . VIII- 1 )  
, .. 




• ,ol.l 02 (klllhNtr) • mmol/1 CG.!: (Yan SI kc) 
" ,. JO .. 
Fig. VIII. 1 .  Relationship between chromatographic peak height for carbon dioxide and 
the carbon dioxide content of carbonate solutions as determined by the 
Van Slyke-Neill technique and the relationship between the chromatographic 
peak height for oxygen and the oxygen in vol "/o as determined by the 
Scholander technique. 
no calibration cur ve was needed . Daily control of the sensi­
tivity of the gas chromatograph for carbon dioxide was per­
formed w ith a solution of sodium carbonate (20 mmol/1) , 
of which the carbon d ioxide content was calculated on the base 
of the we ight of the dry substance . The se solutions are stored 
in 5 - ml ampoules .  The analyt ical procedure for the sodium 
carbonate solutions was identical to that for blood (chapter 
V- 2) .  Blanks us ing d ist illed water showed no carbon d ioxide 
peaks . Thus the carbon dioxide content of blood (Cc02 ) was 
calculated from the follow ing equat ion :  
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C eo 2 
D blood . 20 mmol/1  
D Na2 C03 
where D is de fle ction (peak he ight g iven by the g as chroma­
tograph) . 
VIII-1 . 2 .  RESULTS 
The results obtained in the compar ative study between gas 
chromatography and the infra-red method are presented in 
table VIII- 2. There is no significant difference between the 
Table VIII-2. 
Carbon dioxide content (mmol/1) of 28 blood samples determined 
by the infra-red method and compared with the CO2 content as 
determined by gas chromatography (F. and M. model 450) n = 
number of samples; M2 = arithmetic mean of duplicate determination; 
v = mean difference; SDv = standard deviation of the differences. 
Cylinder -L IJ<'/o CO2 
Infra-red method 
Gas chromatography 
Cylinder 7 .  8"/o CO2 
Infra-red method 
Gas chromatography 
Cylinder 13.  6o/., CO2 
Infra-red method 
Gas chromatography 
28 17 . 84 17 . 86 -0 . 02 0 . 17 
28 17 . 93 17 . 97 -0. 04 0 . 60 
�8 23. 81 23. 78  +0 . 03 0 . 17 
28 23 . 95 23 . 92 +0 . 03 0 . 66 
28 29. 40 29. 44 -0 . 04 0 . 30 




11. s.  
n. s .  
n. s .  
n. s .  
n. s .  
n. s .  
first and the second determinations. This app lies to the 
determinations w ith both methods as well as to measurements 
in all ranges. Standard deviat ion of the d ifference betw een 
duplicate determinat ions using gas chromatography are greater 
than those w ith the infra-red method . The mean values ob­
tained by gas chromatography are 0 ,  1 to O .  2 mmol/1 higher 
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than those obtained by the infra-red method. This small dif ­
ference is not of importance for clinical routine work. 
F rom the total blood carbon dioxide content as determined 
by gas chromatography , pH, and hemoglobin concentration, 
the carbon dioxide tension was calculated , using the modified 
nomogram of Singer and Hastings (chapter I -3. 2) . Lik ewise,  
from the total blood carbon dioxide content measured by the 
infra-red method , the P co2 of blood was estimated. Direct 
blood carbon dioxide t ension was measured by means of a 
membrane electrode. When the mean values of these calculated 
and measured blood carbon dioxide tensions were compared 
with the carbon dioxide tensions of the equilibration gases, no 
statistically significant differences were found (table VIII -3) . 
Table VlII-3 
Mean differences (v) and standard devi ation of the differences (SD) 
between blood carbon dioxide tension measured by means of three dif­
ferent methods and the partial pressures of the tonometer gases. The 
chromatographic data are obtained, using the F and M model 450 blood 
gas chromatograph. 
Pco2 ( mmHg) of range 28 - 29 54 - 57 94 - 100 
tonometer gas mean 28 . 4  55. 5 96. 9 
P CO2 tonometer gas -
Pco2 measured ( mmHg) v SDv v SDy v SDv 
Membrane electrode +1 . 4  o. 7 +O. 7 1 . 5  -3. 0  2 . 7  
Infra-red techmq ue + pH +O. 4 1 . 1 +0 . 0  2 . 5  +0 . 2  3. 2 
Gas chromatography + pH +O. 5 1. 8 +0 . 7  4. 3 +0 . 7  6 . 3  
Standard deviations of the differences are almost the same 
for the memb rane electrode and the infra -red method. Using 
gas chromatography, standard deviations are twice as large 
as those obtained with the two other methods. 
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VIII-2 .  The F. and M model 450 blood gas chromatograph 
method for the analysis of oxygen. 
VIII-2. 1 .  METHODS 
Blood samples were drawn from patients with mainly res­
piratory disease and from healthy subjects . Because the 
present study deals with the reliability of the method, the 
patients were not selected in a special way . The fact that in 
some diseases the position and shape of the dissociation 
curve may deviate from the norm ,  has been neglected; 
neve rtheless neither patients with Borgers disease and ex ­
tensive liver diseases nor pregnant women are included . 
Specimens of 25-ml blood were collected anaerobically in 
glass syringes, the dead space being filled with heparine 
solution (2000 U /ml) and a mixing ring. The dilution of 
blood due to the anticoagulant was not taken into account . 
All determinations were performed within 5 hours after 
sampling and the aliquots were stored in a refrigerator 
(ca.  3° C) . until equilibration in the tonometer and subsequent 
analysis. Equilibration of the blood with known gas tensions 
was performed with a Laue tonometer ,  at 38° C. The cylinder 
gases were analyzed both with the Scholander and the Lloyd ­
Haldane technique (chapter II-2, II -3). Both methods have 
been employed in orde r to eliminate systematic errors in gas 
concentrations. The p rocedure and measurements used for 
the p resent study are presented in table VIII-4. The tono­
meter was loaded with 5 ml of blood and the blood was equi ­
librated with the gases for at least 6 0  minutes. The sequence 
wherein the gas mixtures were used for equilibration was 
randomized in order to avoid the influence of time depending 
factors on the results .  This was necessary since the whole 
procedure takes several hours. 
Since the final results may also depend on the equilibra­
tion technique and on the transfer of blood from the tonometer 
to the various items of equipment, a detailed description of 
the sequence of manipulations seems mandatory. The pro­
cedure was as follows (table VIII-4) : the 25 ml blood sample 
was divided into 5 portions of each 5 ml.  Every portion was 
equilibrated with one of the gas mixtures.  About 20 minutes 
before loading the tonometer has been flushed through by the 
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Table VIII-4 
Procedure for the study of F. and M. model 450 blood gas chromatograph method 
for the analysis of oxygen in blood 
Equihbration in a Laue rotation 
tonometer 
Gas composition 
Vol 11/o o2 Vol 11/o CO2 
0 . 00 6. 30 
3. 41 6. 50 
Blood sample _____, 
25 ml n = 16 5 .40 6. 42 
10. 40 6 . 70 
20 . 85 6 . 50 
Gases were analysed by 
The Lloyd-Haldane technique 
and the Scholander technique 
Measurements 
Gas chromatography 
(F and M) in duplicate 
P02 membrane electrode 
(Radiometer) single 
determination 




tion ( vitatron) in du­
plicate 
gas mixture concerned . After equilibration of the blood for 
6 0 minutes a part of the sample was transferred from the 
the tonometer to the gas chromatograph by means of a 0. 5 -
ml tuberculin syringe, whose dead space was washed out 
with gas from the tonometer. After withdrawal of the blood , 
the tonometer was closed off and equilibration of the residual 
blood continued . When the chromatographic analysis was 
finished , another sample was drawn from the tonometer by 
means of an uncalibrated conventional 1 -ml pipette and trans -
ported to the Pco2 and pH electrodes. When all these meas­
urements were completed , i. e. about 80 minutes after starting 
the equilibration of the blood , duplicate pH and gas chro ­
matography determinations were performed . The hemoglobin 
concentration was determined , also in duplicate. 
This analytic procedure was repeated for the other four 
portions of 5 ml of blood, which were equilibrated with the 
other gas mixtures. To shorten the time of the analysis, 
equilibration of the second aliquot was started in a second 
tonometer before measurement of the first one was completed , 
and so on . 
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F or measurements of pH and Pco2 in blood refer to chap ­
ters II-7 and II-8 . The hemoglobin concentrations were 
determined by the hemiglobincyanide method, as described 
by Zijlstra and van Kampen (1961 ) . The apparatus (Vitatron 
type HbF 1 00) was calibrated by HiCN standard solutions 
(R .  I .  V.  *) . The gas chromatography technique was applied 
as described in chapter V -2. 
VIII -2. 2. CALCULATIONS 
F or measurement of oxygen , the gas chromatograph is 
calibrated with various gas mixtures of oxygen and nitrogen . 
The electrical signal given by the apparatus is linear for 
oxygen (fig. VIII-1 ) .  Daily control of the calibration is per ­
formed by analysis of room air. Daily variations in oxygen 
peak height during calibration were less than 2% relative . 
These variations are probably due to differences in room 
temperature . For the calculation of the actual oxygen content 
of blood some corrections must be introduced. 
In the blanks, degassed water was injected by the 0. 5-ml 
syringe. Here the chromatogram showed traces of air ,  
probably due to diffusion of room air into the ' 'stripping " 
system ( chapter V -2) . The blank peak height for oxygen is 
1 scale deflection and for nitrogen 4 scale deflections. These 
values were constant for several months. The height of the 
nitrogen peak is used to check contamination with room 
air. Room air, used for the calibration , contains about 0. 94% 
argon (Hamilton et al. , 196 0) , whereas the quantity of argon 
dissolved in blood can be neglected. Since the peaks of argon 
and oxygen coincide , a correction for argon should be ap ­
plied. From the data published by Far hi et al. , 1964,  it is 
assumed that the actual oxygen peak amounts to 95% of the 
combined oxygen -argon peak. It is assumed that this per ­
centage is not affected by the aging of the column. 
Finally, the data must be corrected to STPD. Since the 
correction for argon is only an estimation and the variations 
in barometric pressure and room temperature are relatively 
small , the STPD correction factor is taken as 0. 9. A fixed 
correction factor is only allowed when the room temperature 
varies between 1 9  and 24° C and the barometric pressure 
between 740 and 780 mmHg. 
• Rijks Instituut voor de Volksgezondheid, Uuecht. 
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Thus, the oxygen content of blood (C0 ) is calculated ac -
d . 
2 
cor 1ng to: 
D blood - D blank 1 00 9 C O2 = D air D blank · 95 · 1 O 
• 20· 93 vol % 
where D is the deflection, given by the gas chromatograph. 
The hemoglobin-bound oxygen is the difference between the 
dissolved oxygen and the total oxygen content . Dissolved 
oxygen was estimated from the Pco2 measured by the mem ­
brane electrode and from the oxygen solubility coefficient 
( a  = 0. 024 B artels et al 1958) . The hemoglobin was con­
sidered to be 100% saturated with oxygen (oxygen capacity) 
when the blood was equilibrated with the gas mixture of 
cylinder 5 ( 20. 85% 0 2 , 6 .  50% CO2 and 72. 65% N 2 ) ,  The 
slight undersaturation (ca. 2%) under this condition was 
neglected. Arterial oxygen saturation was calculated by the 
formula: 
S� = 
Hemoglobin bound oxygen (vol %) 
1 OOo/i 
2 Oxygen capacity of hemoglobin (vol %) 0
In the present study , the data obtained by the gas chro­
matography technique were only accepted when duplicates 
agreed within 0. 6 vol %; 3 of 60 chromatographic analyses 
did not fulfil this condition . A few determinations had to be 
discarded because of technical failures. The final results 
were not influenced by this fact . 
Initially , it also was our intention to compare the data 
obtained by gas chromatography with those obtained by the 
Van Slyke-Neill technique. However, in this series the Van 
Slyke data could not be proved to be reliable. Therefore 
this part of the work has been omitted . 
VIII -2 .  3 RES UL TS 
a. T o t a l  o x y g e n  c o n t e n t  o f  b l o o d  
Data referring to the total oxygen content measured by 
gas chromatography , are summarized in table VIII-5 .  The 
first determination (M1 ) is practically identical to the du-
127 
Table VIII-5 
The oxygen content of blood as determined by gas chromatography (F. and M. 
model 450) . Values are given in ml 02/100 ml.  blood . 
n = number of samples; M1 = arithmetic mean of first determinations; M2 = arith­
metic mean of duplicate determinations; 'ii = mean difference; SDv = standard 
deviation of the differences. 
n Ml M2 'ii 
SDv Significance of v (p = o .  05) 
Cylinder 1 (0 .  0CY'/o 02) 8 0 . 17 o . oo +0. 17 0 . 35 n. s. 
Cylinder 2 ( 3. 41"/o o2) 10 7 . 64 7 . 58 +0. 06 0. 24 n. s. 
Cylinder 3 (5. 4CY'/o 02) 10 12. 54 12. 47 +0 . 07 0 . 22 n. s.  
Cylinder 4 ( 10 . 40"/o 02) 8 18. 47 18. 58 -0. 11 0 . 33 n . s .  
Cylinder 5 (20. 85"/o 02) 12 21. 39 21. 22 +0. 17 0. 26 n. s .  
plicate (M 2 ). The mean difference (v) does not point towards 
any systematic deviation and is not statistically significant . 
That applies to all 5 gas mixtures used for the equilibration . 
This indicates that the difference in equilibration time be­
tween the first determination (60 minutes) and the second one 
( 80 minutes) has no influence upon blood oxygen content . 
Standard deviations of the differences between duplicate de­
terminations are not statistically significant. The standard 
deviation of the differences is not related to the oxygen content 
of the blood. 
b .  H em o g l o b i n  c o n c e n t r a t i o n  i n  b l o o d  
Blood oxygen content is, to a great extent , depending upon 
hemoglobin concentration. Splitting up of the blood sample 
in various aliquots and a long equilibration time (evapora­
tion effect, since it i s  very difficult to ensure that the sa­
turation of the gases with water is really 100%) might in ­
fluence the hemoglobin concentration. For this reason hemo­
globin concentration was measured in duplicate in every sample 
of blood after equilibration. In 5 out of the 59 blood samples, 
differences between duplicate determinations were greater 
than 1 g1/o . When the mean hemoglobin concentration of the 
same b'lood equilibrated with different gas mixtures is  com ­
pared , considerable differences may occur (table VIII -6) .  
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Table VIII-6 
Hemoglobin concenuation of blood after equilibration in a Laue tono-
meter (photomeuical determination, after conversion to HiCN) 
Hemoglobin concenuation (mean of duplicated 
determinations) 
(g/100 ml blood) 
Subject Cyl. 1 Cyl . 2 Cy!. 3 Cyl. 4 Cyl. 5 n=  Mean 
1 15. 3 15. 7 15 , 0  6 15, 3 
2 15. 0  14. 5 14. 8 6 14. 8 
3 14, 4 14, 0 4 14. 2 
4 19. 5  16. 4 20, 5  16 . 9  8 18. 3 
5 16 . 7  16. 6  16 . 5  16 . 5  8 16, 5 
6 15 . 3  15. 1 16 , 3  16. 8 8 15. 8 
7 11. 5 2 11, 5 
8 11 . 7  12. 8  13. 0 13. 7 7 12. 8 
9 16. 3 15, 3  15. 1 16. 2 8 15, 8 
10 16. 2 15. 5  15. 6 16. 5  8 15. 9 
11 16. 0 16 , 0  15. 4  16 , 3  8 15. 9  
12 14. 7 14. 2 13. 8 13. 4 8 14. 0 
13 15. 5 15. 8  15. 6 15. 6 15. 5 10 15. 6 
14 14. 4 14. 8 14. 0 14. 1 8 14. 3 
15 17. 4  16 . 8  16. 6 17 . 3  16 . 1  10 16. 8 
16 15. 0 15. 4  15. 5 17. 2 14, 6 10 15. 5  
The hemoglobin determination gives no information on the 
presence of hemolysis in the blood or the exist ence of in­
active hemoglobin. It was shown experimentally by means 
of microscopic investigation, that the equilibration t echnique 
used in this work did not hemolyse the blood. The presence 
of inactive forms of hemoglobin was not investigated . The 
m ean oxygen capacity as determined by gas chromatography 
was found to b e  1 .  35 ml oxygen per gram hemoglobin with 
a standard deviation of 0. 1 4  (table VIII -8).  This value is 
smaller than that mentioned in the literature ( 1 .  39 ml oxygen 
per gram hemoglobin, theoretically calculated from the 
chemically measured F e  content of the hemoglobin molecule 
(van Assendelft et al , 1968) . 
c. O x y g e n  d i s s o c i a t io n  c u r v e . 
In fig . VIII - 2  and table VIII - 8  data on the dissociation curve 
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Fig. VIII-2 . The numenca1 values from table Vlll - B are plotted in the standard dissocia­
tion curve (pH = 7. 33 temp. = 3B0C) according to the data published by 
Severinghaus (1966) . 
Table Vlll-7 
Oxygen combined with hemoglobin and the hemoglobin oxygen capacity 
as measured with gas chromatography (F and M. model 450) 
Hemoglobin concen­
tration mean of du­
Subject plicate determinations. 
(Cyl. 5) (g/100 ml blood) 
3 14. 0 
4 16 . 9  
5 16 . 5  
6 16 . 8  
8 13. 7 
9 16. 2 
10 16, 5 
11 16. 3  
12 13. 4 
13 15. 5 
14 14. 1 
15 16. l  




ml o2/ ml 
blood 
21 . 99 
23. 14 
22. 13 
20 . 03 
20 . 58 
22. 70  
20 . 17 
18. 67 
19. 93 





capacity of Hb 
ml o2/ gram 
Hb. 




1 .51  
1 .40 
1. 23 





1.  30 
Mean 1. 35 





Data on oxygen tensions, acidity of the blood and on the oxygen saturation as determined by gas chro-
matography (F and M model 450) . 
Gas 




n = 8 
Cylinder 2 I n = 14 25. 7 
Cylinder 3 I n = 10 41. 0  
Cylinder 4 
I n = 13 78. 5 
Cylinder 5 I 158 n = 15 
Range 
- -
c 25 .  6-26. 4) I 
c 40. 1-41. 9) I 
c18. 3-80 . 6) I 
(157-161) I 
Blood Blood o2 saturation 
Po2 mm Hg pH units ("/o Hb02) 
Mean Range Mean Range Mean Range 
5 . 0  (2-8) 7 . 32 (7. 30-7. 35) 0. 5 (0. 0-4. 0) 
25.0 ( 22-28) I 7 . 33 c 1. 29-1. 39> I 30. 3 (24. 7-40 . 0) 
37 . 7 (34-42) I 7 . 33 c1. 3o-7 . 39> I 58. 3  (51. 0-70. 0) 
64. 9 ( 60-72) I 7. 32 c1. 29-7. 35) I 86. 8 (80-97. 0) 
136 . 4  c 121-148) I 1 . 32 (7.  30-7.  39) I 100 
of hemoglobin for oxygen have been summarized . The 
percentage oxygenated hemoglobin as calculated from 
the gas chromatography data, is plotted against the oxygen 
tension of the blood as measured with the membrane elec -
trode. Blood oxygen tensions clearly differ from those theo ­
retically estimated from the composition of the equilibrating 
gas mixtures used for the equilibration. These differences 
increase with oxygen tensions, and might be the result of 
an insufficient equilibration. However , the data obtained 
with gas chromatography suggest that equilibration was com ­
plete after 60  minutes equilibrating of the blood, since there 
was no significant difference between duplicates (table VIII -5). 
Another cause might be the calibration of the membrane 
electrode: the membrane electrode was calibrated with water 
equilibrated with air and the gases were measured in blood. 
Severinghaus ( 195 9) has suggested that the different viscosity 
of water and blood may be the cause of this difference. 
The mean blood oxygen saturation values of duplicate de­
terminations have been plotted in the standard dissociation 
curve described by Severinghaus ( 1966), Fig . VIII -2 .  These 
values are slightly displaced to the right. This fact together 
with the large scatter of the hemoglobin oxygen capacity 
determinations (table VIII -7) suggest that the F. and M .  model 
45 0 gas chromatograph, used in these experiments has 
limited accuracy. 
VIII -3 .  Conclusions 
The results obtained with the F. and M .  Model 45 0 blood 
gas chromatograph are accurate enough to be used in clinical 
work, but the apparatus is not suitable for clinical routine 
because of the many technical drawbacks . Good results can 
only be obtained when a large experience with the equipment 
makes it possible to distinguish when errors due to technical 
problems interfere the actual results. The main technical 
difficulty is the elaborate system of injection of the blood 
gases into the gas chromatograph. The manufactures placed 
at our disposal three improved stripping systems. The third 
one has as many difficulties as the first one. Therefore, 
the production of this particular model has been discontinued. 
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Others have reported similar findings with other gas 
chromatograph models (Wayne et al. , 1 96 2). They em ­
phasize the technical difficulties present in the sys ­
tems to evolve the gases from the blood , and to inject them 
into the chromatographic columns. In the last few years not 
much work has been published on the incorporation of gas 
chromatography for gas analysis in clinical routine work. The 
reason is difficult to ascertain . Perhaps the technique of the 
evolution of the gases from the blood and their subsequent 
injection in the gas chromatograph is not definitely solved. 
On the other hand, the introduction of the membrane elec ­
trode has probably relegated gas chromatography from cli ­
nical routine .  Therefore, the question arises whether it is 
worthwhile to continue the investigation of the possibilities 
of gas chromatography for the analysis of blood gases. The 
answer seems to be positive since an alternative method to 
the Van Slyke is desirable in those cases wherein the mano ­
metric determination of oxygen and carbon dioxide is pre ­
ferred to measurements of the gas tensions in blood. The 
future of gas chromatography for the analysis of blood gases 
depends on a further improvement of the technique to evolve 
and to inject the gases. The results obtained with a new 
method to separate the gases from the blood and to inject 
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C H A P T E R I X  
COMPA RISON BETWEEN THE VAN SLYKE METHOD A ND 
A MODIFIED GAS CHROMA TOGRA PHY TE CHNIQUE F OR 
BLOOD OXYGEN A ND CA RBON DIOXIDE A NA LYSIS . * 
IX - 1 .  Introduction. 
Although gas chromatography is relatively simple and ac ­
curate, and particularly suitable for clinical routine work 
as compared with the Van Slyke -Neill technique , it has not 
been widely used for the routine dete rmination of blood gase s .  
This is probably due to the introduction of membrane elec -
trodes in clinical routine and to the technical difficulties 
to transfer the released gase s  from blood to chromatographic 
columns (chapter VIII) . In chapter III a closed circuit system 
for the estimation of carbon dioxide by infra -red analysis 
was described, in which the gases are recirculated by a 
small pump. It was possible to modify this recirculation 
system for its use in connection with gas chromatography 
(chapter V -3) .  This sample sys tem was used in combination 
with a F .  and M. model 7 0 0  gas chromatograph** · 
IX -2.  Methods and calculations 
Blood s amples were taken from 38 patients with pulmonary 
disease. The blood was c ollected anaerobically in 1 0 -ml 
glass syringes ,  the dead space of which was filled with 
heparin solutions (2 000 U /ml) and a mixing ring. A ll dete r ­
minations were performed within one hour after sampling, 
and the s eringes were stored in a refrige rator ( + 3 °q until 
analysis . Since it was a comparative study, the values were 
not corrected for dilution of blood by the anticoagulant. 
The gas chromatographic data obtaine d with the procedure 
as described in chapter V - 3  are compared with the blood gas 
• Parts of this chapter have been published in the J. Appl, Physiol. 24 (1) : 119, 1968. 
•• F. and M. Scientific is a division of Hewlett Packard U. S . A .  
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T able IX-1 
Repeated measurement of carbon dioxide and oxygen content of a single blood sample 
by the Van Slyke-Neill technique and by gas chromatography (recirculation system in 
combination with a F. and M. model '700 gas chromatograph. 
Carbon dioxide (mmol/1) 
Van Slyke gas difference 
technique chromato-
graphy 
20 . 25 19. 56 +0. 69 
19. 94 19. '72 +0. 22 
19 . 82 19. 96 -0. 14 
19. 95 20 . 12 -0. 17 
20 . 19 20 . 81 -0. 62 
19. 87 20 . 81 -0. 94 
19. 51 19 . 96 -0. 45 
Mean = 19. 97 20. 13 -0. 16 
S . D .  = 0 . 23 0. 47 0 . 40 
Table IX-2 
Oxygen (vol °lo STPD) 
Van Slyke 
technique 
1'7 . 1'7 
1'7. 30 
17 . 36 
1'7 . 04 
17 . 03 
17 . 01 
17. 41 
17. 18 








17 . 00 
17. 00 
17 . 40 
17. 18 
0. 17  
difference 
-0 . 08 
-0 . 10 
+0 . 36 
-0 . 21 
+0 . 03 
+0. 01 
-il . 01 
o . oo 
0 . 17 
Oxygen content (vol "/o, STPD) and carbon dioxide content (mmol/1) of 38 blood samples 
determined by gas chromatography recirculation system F. and M. model 700 and by the 
Van Slyke-Neill technique. n "' number of samples. M1 = arithmetic mean of first 
determination. M2 = arithmetic mean of second determ ination. SDv = stand ard deviation 
of the differences between duplicates. 
Method Measurement n Ml M2 M1-M2 SDv 
Gas chromatography 02 38 14. 01  14. 11 -0. 10 0 . 26 
Van Slyke-Neill technique 02 38 14. 16 14. 09 +0. 07 0. 33 
Gas chromatography CO 2 38 21.  74 21.  98 -0.  24 0 . 32 
Van Slyke-Neill technique CO2 38 21. 95 21 .  91 +0 . 04 0. 31 
Gas chromatography (M1) versus 02 38 14. 06 14. 12 -0 . 06 0. 25 
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Fig. IX -1 Oxygen content of 38 blood samples determined by gas chromatography recir­
culation system F and M. model 700 and compared with the o2 content as 
determined by the Van Slyke-Neill method. 
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Fig. IX -2 Carbon dioxide content of 38 blood samples determined by gas chr omatography 
recirculation system F and M. model 700 and compared with the CO2 content 
as determined by the Van Slyke-N eill method. 
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values obtained by the Van Slyke -Neill manometric technique 
(chapte r Il -4 ) .  Aliquots of O. 5 ml. of blood were used. The 
carbon dioxide and oxygen c ontent of blood was calculated with 
the formulas mentioned in chapte r VIII - 1  and VIII - 2 .  
IX - 3 .  Results 
First, we established the reproducibility of repeated meas -
urements on a single blood sample obtaine d with both gas 
chromatography and Van Slyke -Neill technique . Since the 
expe riment took seve ral hours, the blood was store d on ice to 
keep the tensions of the blood gases as cons tant as possible . 
Table IX - 1  shows that the mean values ,  and the reproduci ­
bility of the oxygen measurements are practically identical 
with both techniques .  The diffe rence between the mean value s 
for carbon dioxide is statistically not significant. 
Comparative data of 38 blood samples are presented in 
table IX - 2 .  With both methods , mean values of the first 
dete rmination do not significantly diffe r from the mean values 
of the duplicates .  This applie s to both oxygen and carbon 
dioxide .  The standard deviations of the differences between 
duplicates are the same for both methods . The mean values 
for oxygen and carbon dioxide obtained by gas chromatography 
do not significantly diffe r from those obtained with the Van 
Slyke -Neill technique . The data are presented graphically 
in fig. IX - 1  and fig. IX - 2 .  
IX -4.  Discussion and conclusions 
The c rucial point in the m easurement of blood gas es by 
gas chromatography is the release of the gases from the 
blood and their subsequent transfer to the chromatographic 
columns . Since the results depend a great deal on the ac ­
curacy of this part of the method, most data in the lite ra ­
ture deals with this particular technical problem . Seve ral 
authors recommend a special extraction chamber containing 
the c arrie r gas under high pressure . The blood is introduced 
in such chambe r by perforating a rubber cap which has to 
be repeatedly change d to avoid leakage (Galla et al. , 1 962 and 
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Hamilton, 1 9 62) . The high press ure also requires the us e of 
special fittings for the gas inlet and outlet connections , and for 
the rubber cap and the exhaust .  This makes the cleaning of the 
extraction chamber difficult . Lenfant and Aucutt ( 1 9 66)  pointed 
out that the "press ure in the extraction chamber mus t be 
low when the samples are injected, and must remain the 
same for all the gas samples , otherwise unequal volumes 
of gas are injected". In the present method for gas release 
and gas transfer, using a recirculation system , the carrier 
gas is kept at atmospheric pressure. This allows the use 
of a very simple interchangeable cuvette. The fact that the 
gas is at atmos pheric pres s ure in the s ample system faci ­
litates the handling of the apparatus s o  that the technique 
can be mastered in a short time by technicians without special 
training. 
Another advantage of the recirculation system is that the 
gases are injected by a conventional gas sample valve with 
a 5 -ml sample loop. This allows a m uch "sharper" injection 
of the gases into the columns than can be achieved with 
a flow-trough or equilibration chamber. In the latter methods , 
the shape of the peaks in the chromatogram s depends on 
the ratio between the volume flow of the carrier gas and 
the volume of gas in the extraction chamber. The shape of 
the chamber also plays a part: the injection of the gases 
is sharper the smaller the diameter of the extraction chamber. 
A very small diameter, however, makes the release of the 
gases from the blood difficult. This problem does not arise 
when the gases are released in a recirculation system and 
are injected by a gas sample valve, as is the case in the 
present method. 
The recirculation system has the disadvantage that part 
of the released blood gases remain diss olved in the reagents 
and blood. This part is a cons tant fraction of the total 
amount, since the ratio between gas and liquid volumes is 
the same for all samples. Since, in the recirculation system 
the gas volume considerably exceeds the liquid volume, the 
amount of dis solved gases can be neglected. The quantity 
of gas transferred to the columns depends on the ratio be­
tween the gas volume of the sample l oop, and that of the 
total recirculation system . This ratio is constant for all 
samples . 
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The fact that only a part of the gases is used is in no 
part a drawback for the determination of oxygen and carbon 
dioxide, because the amount of the released gases exceeds, 
several times, the minimal sample size required by the 
gas chromatograph. When O .  5 ml of blood is used and only 
one-third of the released gases is transferred to the columns, 
the gas chromatograph must already be used at less than 
full sensitivity. 
In conclusion, the recirculation system is a suitable method 
for routine determinations of the oxygen and carbon dioxide 
content of blood by gas chromatography, and can be applied 
to any gas chromatograph suitable to analyse these gases. 
If the manometric estimation of blood gases is preferred 
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C H A P T ER X 
CONCLUSIONS 
From various comparative studies (Chapter VI -VII -VIII -IX) 
it appears that both oxygen and carbon dioxide tension and 
content values obtained with various t echniques are com ­
parable. This holds for patient s and normal subject s in both 
the physiological and pathological ranges of blood gas values . 
The base excess and standard bicarbonat e values obtained 
with Ast rup ' s  method depend to som e  extent on the carbon 
dioxide tension with which the blood has been equilib rated 
(table II - 4) . This may be related to altered metabolism of 
the blood cell s ,  when the acidity of the m edium is changed 
( chapter II -5) . In the region of the high carbon dioxide 
tensions ( 1 00 mmHg and higher) , Ast rup 's method gives 
values of carbon dioxide t en sion which are a little too high 
(table II - 2) . The same findings have been described by 
others (Maas , 1 96 7 ) .  The relationship between pH and log 
Pea for whole blood is in practice a st raight line in the 
ranle 20-60 m mHg carbon dioxide tension, but is  curvilinear 
in the range above 60 m mHg carbon dioxide t ension .  It is  
suggested that this may be a cause for the phenomenon . 
Whatever the cause, i s  not of importance for clinical work. 
The opposite takes place when the carbon dioxide t ension 
is measured with the membrane elect rode (table III - 2 ) :  In 
the region of the high carbon dioxide tension s ,  the m easured 
values are lower than the actual values . This has also been 
described in the literature, but no explanation has been 
given (Maas,  1 96 7 ;  Flenley et al . , 1 96 7 ) .  Again the dif­
ference is  s mall and can be neglected for clinical work. 
Because the differences between the result s obtained with 
all m ethods tested are similar,  the choice of the most 
suitable technique for routine work has to be based on other 
factor s .  F rom the point of view of the time spent in the 
determination , it can be concluded that with one exception 
the time needed for duplicate measurement s is roughly the 
same (about 1 2  minutes ) with each technique. The exception 
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is the Van Slyke method which takes about 20 minutes for 
a single determination. The time used for the determination 
is therefore not decisive .  
To rep eatedly take 5 to 1 0  m l  arterial blood samples in 
adults and 3 to 5 in older children is seldom contra -in -
dicated. This amount is enough for a complete determination 
of blood gases with any of the techniques studied. Micro ­
methods have to be used only when many samples should 
be taken in a very short time (intensive care units) , par ­
ticularly with young children. 
When the arterial puncture fails or when it meets with 
serious objections, capillary blood , taken from the ear or 
from the heel in newborn infants, may be used . Local ap ­
plication of heat arterializ es the capillary blood. Data ob ­
tained from capillary blood is interchangeable with arterial 
(Maas et al. , 1961,  1964) . But to collect a capillary blood 
sample under strict anaerobic conditions is technically dif­
ficult . 
Arterial blood is preferred in patients with pulmonary 
disease, since it accurately reflects changes in gas tensions, 
whereas the evaluation of metabolic disturbances can b e  
estimated from arterial as well a s  from venous blood 
t Gambino, 1959). In either event the patient 's condition 
during blood sampling is important . Arterial puncture should 
always be p erformed by the physician, who will know the 
circumstances under which the sample was taken and whether 
these may effect the results. 
The partial pressure of the gases in arterial blood is the 
best criterium for the evaluation of respiratory disease. 
Therefore , methods providing information on these para ­
meters are mandatory . However, to measure gas tensions 
only is not enough to assess the patient 's condition; data on 
acidity and the transport capacity of the blood for oxygen 
and carbon dioxide are important as well . For instance ,  in 
anaemia or carbon monoxide poisoning the oxygen tension of 
the arterial blood may be normal, while the transport capacity 
is severely diminished.  Generally speaking, in every patient 
in whom blood gas analysis is indicated , complete data on 
acidity , carbon dioxide and oxygen should be obtained . 
What follows is a short discussion along these lines. 
Astrup 's interpolation method has the advantage that both 
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data on carbon dioxide tension and on the acid-base status 
are derived from pH measurements. This enables relative 
simple equipment and uniformity. On the other hand , it 
may be considered a disadvantage that all information is 
based on the same type of measurement , because this may 
obscure measuring errors. 
For the determination of oxygen , any suitable equipment 
can be used . Astrup 's  method is a micro-technique in which 
the transfer of the sample from the syringe containing the 
arterial blood to the micro-tonometer and to the glass electrode 
is easily performed . Proper use of capillary blood is much 
more difficult , and requires a well trained technician . In 
this case a micro-technique for the measurement of the 
oxygen tension or oxygen saturation should be available. 
In our experience Astrup 's  method gives satisfactory results, 
even when the working conditions in the laboratory are not 
as good as they should be. Our experience, however, is 
limited to the analysis of arterial samples in which enough 
blood is available. 
The infra-red method has the advantage of requiring very 
few precautions: the calibration is simple and good results 
can be obtained under relatively poor operational conditions. 
A high reliability seems to be a feature of all methods in 
which the gases are measured in a small recirculation 
system (compare Rispens method for CO2 determination; 
Rispens et al . , 1968). The infra-red method has the 
disadvantage that it is not a micro-method and that it must 
be used in combination with a pH meter to determine the 
blood acidity ,  and with adequate equipment to measure 
oxygen . Rispens method had the advantage that both the 
carbon dioxide content and the pH measurements can be 
performed using one measuring device, as is the case with 
the Astrup and the Pea electrode method. 
The gas chromatograp\ic determination of carbon dioxide 
and oxygen in blood is not , at least nowadays, the method 
of choice for clinical routine work. This is mainly due to 
the fact that gas chromatography requires very expensive 
and rather complicated equipment, particularly when auto ­
mation is desired. For the estimation of the oxygen saturation , 
every blood sample has to be analysed twice: once before 
and once after saturation of the blood with oxygen. Further, 
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a pH meter should be available for measuring the acidity 
of the blood . All these different tools make routine deter ­
minations troublesome, even when the technical difficulties 
of the evolution of the gases from the blood and transfer 
of the gases to the chromatographic columns are solved . 
However, if volumetric determinations of blood gases have 
to be made, gas chromatography may be the technique of 
choice. 
The membrane electrodes offer the advantage that their 
operation is comparable to that of a standard pH glass 
electrode and can be used in connection with a pH meter. 
In this way, when hemoglobin concentration is known, 
practically all data is obtained with rather simple equipment . 
The measurements of pH, Pc02 and P02 can be performed 
simultaneously, enabling speedy analysis of the blood gases. 
With some experience a complete analysis in duplicate can 
be performed in less than 1 0  min, particularly when micro 
membrane electrodes are used. Under these circumstances 
a very small amount of blood (less than 1 ml) is sufficient 
for a complete duplicate analysis. The disadvantage of 
membrane electrodes is that they are delicate and many 
precautions are required for accurate measurements. In 
particularly calibrations should be repeated frequently. 
This is easily done when calibrated cylinders are available. 
With some experience, replacement of the membrane with 
the correct degree of stretching is not a major problem. 
When a large number of determinations have to be performed 
in a relatively short time, membrane electrodes are 
necessary. 
Finally, the condition of the laboratory in which the 
analyses are made, should be taken into account in the 
choice of the technique to be used. Such conditions are the 
possibility of having trained technicians, availability of 
control equipment (tonometer, gas analysis equipment) ,  room 
available for the setting-up of the equipment . Maintenance 
of the equipment must also be considered. The various 
aspects of the measurements of arterial blood gases are 
summarized in table X - 1. In this table the various tech­
niques described are arranged in order of preference. This 
order is  based upon personal experience under the working 
conditions of a busy clinical routine laboratory ( see 
Introduction) . 
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TABLE X-1 
Arrangements of techniques used for measurement of pH , carbon 
dioxide and oxygen in blood, in order of preference. 
T ime required 
1. electrodes 
2. Astrup + 02 
3. infra -red + pH + 02 
4. gas chromatograph + pH 
5. Yan S lyke + pH 
Volume of blood required 
1. electrode ( micro) 
2. Astrup + 02 
3. infra -red + pH + o2 
4. gas chromatograph + pH 












Yan Slyke + pH 
infra -red + pH + o2 
gas chromatograph + pH 
Astrup + o2 
electrodes 
Dependency of laboratory 
conditions 
infra -red + pH + 02 
Astrup + o2 
electrodes 
Yan Slyke + pH + 02 
gas chromatograph + pH 
+ 02 
Care required 
1. infra-red + pH + 02 
2. Astrup + 02 
3. electrodes 
4. gas chromatograph + pH 
5. Yan Slyke + pH 
Sampling procedure 
1.  electrodes 
2. Astrup + 02 
3. infra -red + pH + 02 
4. gas chromatograph + pH 
5. Yan Slyke + pH 
Price of the equipment 
1. Yan Slyke + pH 
2. electrodes 
3. Astrup + o2 
4. infra-red + pH + 02 
5. gas chromatograph + pH 
General results 
All techniques yield 
equivalent results. 
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Physical and chemical units 
= unit: equivalent per liter. Description: a gram ­
molecular weight divided by valence of solute 
in a liter solution 
= unit: molar per liter. Description: a gram -
molecular weight of solute in a liter of solution 
= 10 -3 x equivalent per liter 
= 10
-3 x molar per liter 
= 1 o -9 x gram -molecular weight of solute dis -
solved in 1000 g of solvent 
::: partial pressure of carbon dioxide-
= carbon dioxide content 
= standard bicarbonate 
= buffer base 
::: base excess 
::: negative logarithm of the hydrogen ion activity 
= negative logarithm of the dissociation exponent 
= negative logarithm of the apparent first disso -
ciation constant of carbonic acid 
= partial pressure of oxygen 
::: bicarbonate ion content 
::: saturation of hemoglobin with oxygen in arterial 
blood 
Statistic 
n = number of determinations 
V = mean difference 
SDv ::: standard deviation of the differences 
p ::: significance level 
M = arithmetic mean 
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S U M M A R Y  
'The main object of this investigation has been to compare 
different techniques for blood gas d etermination in clinical 
routine work and in particular to investigate gas chroma­
tography, a technique recently introduced in lung function 
laboratories. 
Chapter I contains a survey of the terminology of acid­
base balance and a description of the diag rams relating 
acidity, carbon dioxide tension and bicarbonate content in 
blood and plasma (the diagrams as described by Davenport, 
Siggaard -Andersen, Singer and Hastings). 
Chapter II deals with experiences with the conventional 
methods for gas and blood gas analysis, with both the Lloyd 
and the Scholander methods, the standard deviation of the 
differences between duplicates amounted to 0. 04 vol %. 'These 
results were considered to be sufficient accurate for the 
present study of blood gases. 'The data obtained with the 
Van Slyke-Neill manometric method for blood gas analysis, 
agree with those published in literature. 'The standard 
deviation of the differences was o. 2 3  vol % for carbon 
dioxide and 0. 1 4  vol % for oxygen in blood (table IX -1 ) ,  
With the determination of p H  in blood using the glass elec­
trode, the difference between duplicates was 0, 01 pH unit 
or less in 8 5% of the cases (table II-9). In measuring the 
Pco2 of blood the standard deviation of the differences 
between the partial pressure of carbon dioxide measured 
in blood with the A strup interpolation method and the carbon 
dioxide tension of the equilibrating gas, was about 1 .  4 mmHg 
in the normal range (about 40 mmHg) . In the range of carbon 
dioxide tensions of over 1 00 mmHg , the values obtained with 
the A strup method are about 4 mmHg higher than those of 
the equilibration gases (table II -2). Chapter II is also 
devoted to the membrane electrodes. 'The oxygen and carbon 
dioxide electrodes proved to be satisfactory and have good 
reproducibility. In both methods the difference between two 
determinations with the same blood sample is always 
smaller than 2 mmHg. 'The standard deviation of the dif­
ferences between the partial pressure of carbon dioxide of 
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blood measured with the membrane electrode, and the carbon 
dioxide tension of the equilibrating gases was about 2 mmHg 
(table II -6) . A large difference was found between the partial 
pressure of oxygen in blood measured with the membrane 
electrode, and the oxygen tension of the equilibrating gases 
(table II-7) .  This difference is proportional to the oxygen 
tension of the gas used for the equilibration and is generally 
explained by the different viscosity of oxygen gas and blood. 
Also contained in Chapter II is a description of the technique 
of blood equilibration in a Laue tonometer. 
Chapter III contains a description of the infra-red absorption 
technique for carbon dioxide analysis and describes an 
adaptation of an infra-red analyzer for the determination of 
the carbon dioxide content of blood. The carbon dioxide is 
evolved from the blood in a cuvette by appropiate reagents. 
The cuvette and a recirculating membrane pump form part 
of a closed circuit connected to the infra-red analyzer. 
Chapter IV is a short introduction to the principles of 
chromatography. This method has been recently introduced 
for the measurement of gases in biological fluids. It is a 
physico -chemical method of separation in which the materials 
to be separated are partitioned between two phases. One of 
these is stationary, the other is mobile and percolates through 
the stationary phase. The isolated fractions are detected by 
measuring one of their physico-chemical properties. 
Chapter V outlines the possibilities and difficulties of the 
gas chromatography for blood gas analysis. The F and M.  
model 450 blood gas analyzer is  described. It  consists of  a 
semi-automatic system for the extraction and injection of 
the gases into the chromatograph. The blood is mixed with 
the reagents in a small plastic vial . Two pneumatically d riven 
needles perforate both rubber stoppers of the plastic vial. 
In this way the evolved gases are transported by the flow of 
carrier gas to the columns. It was found that this technique 
of blood gas chromatography could hardly be applied in 
clinical routine work, because the sampling system showed 
serious technical problems. Chapter V also contains a des ­
cription o f  a new recirculation system for the determination 
of the oxygen and carbon dioxide content of blood by gas 
chromatography. Oxygen and carbon dioxide are evolved from 
the blood in a cuvette by appropriate reagents. This cuvette 
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is part of a circuit the gases of which are recirculated by 
a membrane pump. After equilibrium has been attained, 
a constant fraction of the gas is transferred to the chromato ­
graph columns by a conventional gas sampling valve. The 
modification was introduced because the commercially avail­
able sampling systems for blood gas chromatography were 
not satisfactory. 
Chapter VI deals with the results obtained with a modification 
of an infra-red analyzer for the determination of the carbon 
dioxide content of blood. The apparatus was tested with various 
carbon dioxide tensions and the results compared with the 
conventional Van Slyke-Neill technique. The reproducibility 
of the infra-red method was better than that of the Van Slyke ­
Neill method under comparable operating conditions (table 
VI- 2 ). The infra -red method requires practically no skilled 
technicians and a complete analysis can be performed within 
5 minutes. The main disadvantage of the method is its 
limitation to carbon dioxide. It should not be used when 
anaesthetic gases are present. 
Chapter VII is devoted to a comparative study of the most 
widely used methods to measure carbon dioxide in blood. 
Three methods are compared: Astrup' s  interpolation technique, 
the infra-red method and the membrane electrode. Blood 
samples from 1 4  patients and 1 4  normal subjects were 
equilibrated in a tonometer and subsequently analysed. Standard 
deviations of the differences between the measured carbon 
dioxide tension and the partial pressures of the equilibrating 
gases are almost the same for the three methods and become 
larger as the carbon dioxide tension increases. Variation 
coefficients vary between 2.  6 and 4. 9%, their mean value 
being 3. 6%. Statistical analysis showed that the re>sults ob­
tained by these methods were equivalent (table VII-3 ) .  The 
times necessary for the determinations were also about the 
same. The advantages and disadvantages of these methods 
for the clinical routine study of respiratory and metabolic 
disorders of the acid - base balance are discussed (Chapter X). 
Chapter VII deals with the comparison between the F. and 
M. model 4 50 blood gas chromatograph, as described in 
chapter V, the carbon dioxide membrane electrode and the 
infra - red method for carbon dioxide measurements in blood. 
Twenty eight blood samples drawn from patients and normal 
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subjects were equilibrated in a Lau� tonometer with various 
carbon dioxide mixtures , and subsequently analysed with the 
three methods. It was found that the differences between the 
carbon dioxide tensions, as measured with the three methods , 
and the partial p res sure of the equilibrating gases were not 
s tatistically significant. Standard deviation of the differences 
are almost the same for the membrane electrode and infra-red 
technique and a little higher for the gas chromatography method 
and increases as the carbon dioxide tension increase ( table 
Vll-3). This model of gas chromatograph was also used for 
the analysis of oxygen in blood. Sixteen blood samples from 
patients and normal subjects were equilibrated with 5 known 
oxygen gas tensions in a Lau� tonometer and subsequently 
analysed. The s tandard deviations of the differenc·es between 
duplicate determinations are not related to the oxygen content 
and varied between 0. 22 and o. 35 vol .  o/o ( table VIII - 5). It 
has been concluded that the results obtained with the F .  and 
M. model 450 blood gas chromatograph are accurate enough 
to be used for clinical routine, but its m any technical draw ­
backs limits its use to this kind of work. 
Chapter IX deals with the comparison between a standard 
gas chromatograph for the determination of the oxygen and 
carbon dioxide content in blood with recirculation system as 
described in chapter V and the Van Slyke-Neill technique. 
This recirculation system was used in combination with a 
F .  and M. model 7 00 gas chromatograph. Repeated meas -
urements on a single blood s ample were practically identical 
with both techniques ( table IX-1 ). The comparative data of 
38 blood samples ,  both for oxygen and carbon dioxide analysis 
yielded no significant differences .  The s tandard deviation of 
the differences between both methods is O. 25  vol. o/o for oxygen 
and 0. 36 vol. o/o for carbon dioxide ( table IX -2). The recircu ­
lation system allows duplicate determination of both oxygen 
and carbon dioxide content in approximately 15 minutes . 
This method is recommended if the volumetric estimation 
of blood gases is preferred over direct measurement of gas 
tension in blood. 
Chapter X summarizes the above mentioned investigations :  
the methods s tudied give similar results in the physiological 
and pathological ranges of blood gas values .  Measurements 
are accurate enough for clinical routine. The time taken in 
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the actual determination is roughly the same in all methods 
except for the Van Slyke method which takes more tim e .  
Except for gas chromatography the c o s t  o f  the equipment 
and its maintenance is not very different. The choice of a 
given equipment for blood gas determinations depends on the 
particular c onditions of the laboratory . Our own experience 
points towards the membrane electrodes as suitable tools 
for clinical blood gas measurements (table X - 1 ) . 
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S A M E N V A T T I N G  
Het doel van dit onderzoek is verschillende methoden voor 
de bepaling van bloedgassen in een klinische routine labo ­
ratorium onderling te vergelijken en met name te onder­
zoeken in hoeverre gaschromatografie hierbij kan worden 
toegepast. 
Hoofdstuk I bevat een overzicht van de terminologie van 
het zuur-base evenwicht en een beschrijving van diagrammen 
die betrekking hebben op zuurgraad, k oolzuurspanning en 
hoeveelheid bicarbonaat in bloed en plasma (Davenport, 
Siggaard -A ndsersen , Singer en Hastings) . 
In hoofdstuk II worden ervaringen met conventionele me -
thoden voor de analyse van koolzuur en zuurstof in de gas 
fase en in het bloed vermeld. Zowel bij de methode volgens 
Lloyd als bij die volgens Scholander bedroeg de standaard 
deviatie van de verschillen tussen duplo bepalingen O .  04 vol %.  
Deze resultaten werden als voldoende nauwkeurig beschouwd 
voor het hier beschreven onderzoek . De resultaten verkregen 
met de manometriscbe metbode vol gens Van Slyke -Neill bij 
de meting van koolzuur en zuurstof in bloed zijn in over­
eenstemming met de gegevens in de literatuur. De standaard 
deviatie van de verscbillen tussen duplo bepalingen in bloed 
was voor k oolzuur 0, 23 vol % en O, 1 4  vol % voor zuur­
stof (tabel IX-1 ). De bepaling van de pH met bebulp van de 
glas electrode gaf in 85 % van de gevallen een verschil 
tussen duplo bepalingen van O, 01 pH eenheid of kleiner ( ta ­
bel Il-9). De standaard deviatie van de verschillen tussen 
de koolzuurspanningen in het bloed gemeten met bebulp van 
de A strup interpolatie-methode en de koolzuurspanning van 
bet gas waarmee bet bloed in evenwicht was gebracht bedroeg 
ongeveer 1 ,  4 mmHg in bet gebied van een koolzuurspanning 
van ca. 4 0  mmHg. In bet gebied van 1 00 mmHg of meer 
zijn de koolzuurspanningen verkregen met de Astrup met­
hode ongeveer 4 mmHg hoger dan die van de tonometer gas ­
sen ( tabel II-2). In hoofdstuk II wordt ook de ervaring ver­
kregen met membraan electroden beschreven. De electroden 
voor de bepaling van zuurstof en koolzuurspanning in bloed 
bleken geschikt te zijn voor routine gebruik; er werden goed 
reproduceerbare resultaten mee verkregen. 
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Bij beide is het verschil tussen twee bepalingen van het ­
zelfde bloedmonster minder dan 2 mmHg. De standaard 
deviatie van de verschillen tussen de gemeten koolzuur­
spanning en die van het gas waarmee het bloed in evenwicht 
werd gebracht, was ongeveer 2 mmHg ( tabel II-6). Een 
grater verschil werd gevonden tussen de zuurstofspanning 
in het bloed gemeten met de membraan electrode en de gas -
sen welke gebruikt werden voor de equilibratie (tabel II-7 ) .  
Dit verschil was grater naarmate de zuurstofspanning van de 
gassen die gebruikt werden voor de equilibratie grater was, 
Een mogelijke verklaring is het verschil in viscositeit tus -
sen gas en bloed. In hoofdstuk II wordt ook de tonometer 
volgens Laue voor het in evenwicht brengen van bloed met 
verschillende gassen beschreven. 
Hoofdstuk III bevat de beschrijving van de infra-rood met­
hode voor de bepaling van koolzuur in bloed. Bij deze met­
hode wordt het koolzuur uit het bloed vrijgemaakt in een 
cuvette door middel van reagentia. De vrijgemaakte gassen 
warden gerecirculeerd met behulp van een membraan pomp. 
De pomp en de cuvette zijn delen van een gesloten circuit, 
waarin ook de meetcel van de infra-rood meter is opgenomen. 
Hoofdstuk IV is een korte inleiding over de principes van 
gaschromatografie. Dit is een analytische methode waarbij 
de gassen warden gescheiden op grond van hun fysisch-chemi­
sche eigenschappen. Meestal warden de gassen in een kolom 
verdeeld over twee fasen : de stationaire fase, meestal een 
vaste stof, en de mobiele fase ( "drager gas") welke de sta­
tionaire fase omspoelt. Als drager gas wordt meestal he ­
lium gebruikt .  De snelheid waarmee de te analyseren gassen 
de kolom passeren hangt af van de fysisch-chemische eigen ­
schappen van het desbetreffende gas. De passage tijd is dus 
voor verschillende gassen verschillend. 
Hoofdstuk V behandelt de mogelijkheden en de moeilijk ­
heden van de gaschromatografie bij de bepaling van de bloed ­
gassen. Het principe van de speciaal voor bloedgasanalyse 
ontwikkelde F en M model 450 gaschromatograaf wordt be­
schreven. Bij deze methode geschiedt de extractie van de 
bloedgassen en de daarop aansluitende toevoer van deze 
gassen naar de chromatografische kolommen gedeeltelijk 
automatisch. Het bloed wordt met de reagentia samenge -
bracht in een kleine plastic cylinder, die aan beide kanten 
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is afgesloten door rubbe r dopj e s .  Twee pneumatisch bekrach­
tigde naalden doorboren deze rubbe r dopjes  en via deze naalden 
warden de uit het bloed vrij gemaakte gas sen met de gasstroom 
drage r  gas ( helium) mee gevoerd naar de kolommen en ver­
volgens op de gebruikelijke wij z e  geanalyse e rd .  Deze methode 
van bloedgasanalyse bleek niet geschikt voor het klinisch 
routine werk, om dat dez e apparatuur te veel technisch s to ­
ringen ve rtoonde . 
Hoofdstuk V bevat tevens de bes chrijving van een nieuw 
ontwikkeld systeem om zuurstof en koolzuur in het bloed met 
behulp van gas chromatografie te bepalen. De respiratore gas -
sen warden in een cuvette uit het bloed vrij gemaakt door 
middel van reagentia. De cuvette is een deel van een cir­
cuit, waarin de gassen door middel van e en membraan pomp 
warden gereci rculee rd .  Nadat een gas evenwicht is be reikt, 
wordt een c onstant volume gas naar de kolommen van de chro ­
matograaf getransportee rd met behulp van e e n  kraan voor 
het nemen van gasmonsters . Deze nieuwe methode werd ont ­
wikkeld, omdat de bestaande methoden voor het isoleren en 
ove rbrengen van bloedgassen bij gas chromatografie onbevredi­
gen waren. 
In hoofds tuk VI warden de resultaten verkre gen met de ge ­
modificeerde infra -rood methode beschreven. Het apparaat 
is bij ve rs chillende koolzuurspanningen onderz ocht en de re sul ­
taten zijn ve rgelijken m e t  die welke ve rkre gen met de ge ­
bruikelijke Van Slyke -Neill methode.  De infra -rood methode 
ve reist nagenoe g geen ervaren personeel en leve rt beter re ­
produce e rbare resultaten dan de methode van Van Slyke (ta ­
bel VI - 2 ) .  E en complete analyse kan binnen 5 minuten uit ­
gevoerd warden. E en nadeel van deze methode is dat zij be -
p e rkt is tot het analyse ren van koolzuur. De infra -rood met­
hode kan niet  ge bruikt warden wan nee r in het  bloed narcose -
gas sen aanwezig zijn. 
Hoofdstuk VII betreft een vergelijkend onde rzoek van de 
re sultaten ve rkregen met drie methoden om koolzuur in bloed 
te bepalen: de inte rpolatie methode volgens A s trup, de infra ­
rood methode en de methode waarbij gebruik wordt gemaakt 
van en membraan electrode. Bloe dmonste rs ,  afkomstig 
van 14 patienten en 14 normale personen we rden geequili ­
breerd in een Laue tonometer en vervolgens geanalyseerd. 
De standaard deviatie van de vers chillen tussen de gemeten 
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koolzuurspanning en die van het equilibrerende gas is on ­
geveer gelij k voor alle drie methoden en is grater naar 
mate de koolzuurspanning stijgt. De variatiecoefficient ligt 
tussen 2 ,  6 en 4, 9 %. de gemiddelde waarde is 3, 6 %. Uit 
de statistische analyse blijkt, dat de resultaten met deze 
drie methoden verkregen, gelijkwaardig zijn (tabel VIl - 3 ) .  
Oak de voor de meting benodigde tijd is ongeveer gelijk. 
De voor- en nadelen van deze methoden bij het klinische 
routine onderzoek van respiratore en metabole stoornissen 
in het zuur -base evenwicht warden besproken (hoofdstuk X ) ,  
In hoofdstuk VIII wordt het vergelijkend onderzoek be­
schreven betreffende de F en M model 4 5 0  bloedgaschro­
matograaf, de membraan electrode en de infra- rood methode 
voor de bepaling van koolzuur in bloed. Bloedmonsters af ­
komstig van patienten en normale personen werden in een 
tonometer volgens Laue in evenwicht gebracht met gasmeng­
sels met verschillende koolzuurconcentraties en vervolgens 
geanalyseerd met de drie methoden. De verschillen tussen 
de koolzuurspanningen gemeten met de drie methoden en die 
van het tonometer gas bleken statistisch niet significant. 
De standaard deviaties van de verschillen zijn ongeveer ge -
lijk bij de membraan electrode en infra-rood methode en iets 
grater bij de gaschromatografie (tabel VIIl - 3)  en nemen toe 
naarmate de koolzuurspanning stijgt. De F en M model 4 5 0  
bloedgas chromatograaf is oak gebruikt om zuurstof i n  bloed 
te bepalen, Bloedmonsters afkomstig van patienten en nor­
male personen werden in een tonometer volgens Laue in 
evenwicht gebracht met 5 gasmengsels met verschillende 
zuurstofspanningen en vervolgens geanalyseerd. De stand­
aard deviaties van de verschillen tussen duplo bepalingen 
vertoonden geen verband met de hoeveelheid zuurstof in het 
bloed en varieerden tussen 0 ,  2 2  en 0, 3 5  vol % (tabel VIII - 5). 
De resultaten verkregen met deze methoden van bloedgas 
chromatografie zijn voldoende nauwkeurig voor klinisch rou­
tine onderzoek, maar vanwege de vele technische moeilijk ­
heden is de gebruikte gaschromatograaf niet geschikt voor 
dit soort werk. 
Hoofdstuk IX betreft het vergelijkend onderzoek tussen de 
resultaten verkregen met het in hoofdstuk V beschreven re­
circulatie systeem om de hoeveelheid zuurstof en koolzuur 
in het bloed te bepalen door middel van gas chromatografie 
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en de resultaten verkregen met de Van Slyke -Neill methode . 
Het recirculatie systeem werd in combinatie met een F en 
M model 700 gaschromatograaf gebruikt. Herhaalde bepa­
lingen van hetzelfde bloedmonster geven practisch gelijke 
resultaten met beide methoden (tabel IX- 1 ) .  Bij de verge ­
lijking van de gegevens van 38 bloedmonsters blijkt er wat 
zuurstof en koolzuur analyse betreft gee n  significant ver­
schil tussen beide methoden te  bestaan. De s tandaard deviatie 
van de verschillen tussen beide methoden is 0, 2 5  vol % voor 
zuurstof en 0, 36 vol % voor koolzuur (tabel IX -2 ) ,  Met het 
recirculatie sys teem is een bepaling in duplo van de hoe -
veelheid zuurstof en koolzuur mogelijk in ongeveer 1 5  mi­
nuten. Als de volumetrische bepaling van de bloedgassen de 
voorkeur heeft boven de directe bepaling van de gasspanning 
in het bloed, is deze methode van bloedgaschromatografie 
ges chikt voor klinisch gebruik. 
In hoofdstuk X warden uit de resultaten enkele conclusies 
getrokken. De onderzochte methoden geven gelijkwaardige 
resultaten in het gebied van fysiologische en pathologische 
gasspanningen in het bloed, De metingen zijn voor klinisch 
routine onderzoek voldoende nauwkeurig. De tijd nodig voor 
een meting is ongeveer gelijk voor alle methoden, met uit­
zondering van die volgens Van Slyke, welke meer tijd vraagt. 
De kosten van aanschaf en onderhoud van de apparatuur zijn 
behoudens voor de gaschromatograaf, ook ongeveer gelijk. 
De keuze van een bepaalde apparatuur voor bloedgas metin ­
gen hangt a f  van de mogelijkheden en d e  omstandigheden in 
het laboratorium. Eigen ervaring wijst  erop dat de membraan 
electrode de meest  geschikte apparatuur is voor het bepalen 
van bloedgassen bij het klinisch routine onderzoek ( tabel X - 1  ). 
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R E S U ME N  
El objeto principal de esta investigaci6n ha sido comparar 
las tecnicas para la determinaci6n de gases en sangre mas 
utilizadas en la rutina cl1nica, y estudiar mas detalladamente 
la cromatografia gaseosa, recientemente introducida en las 
laboratorios de funci6n pulmonar. 
El capitulo I contiene un resumen de la terminologi'.a 
empleada en el equilibria acido -base, y una descripcion 
de las diagramas que relacionan la acidez, la presi6n 
parcial de anhidrido carb6nico y el contenido de bicarbonato 
en sangre y en plasma { las diagramas de Davenport, Siggaard ­
Andersen, Singer y Hastings) . 
El capitulo II resume las experiencias con las metodos 
convencionales de analisis de gases y gases en sangre. Con 
las aparatos de Lloyd y Scholander la exactitud obtenida se 
consider6 suficiente para el presente estudio de gases en 
sangre. La desviaci6n standard de las diferencias de las 
determinaciones par duplicado es 0 .  04 vol %. Los resultados 
obtenidos con el metodo manometrico de Van Slyke-Neill 
para analisis de gases en sangre concuerdan con las 
publicados en la literatura. La desviaci6n standard de las 
diferencias fue de O .  2 3  vol % para anhidrido carbonico y 
0 .  1 4  vol % para el oxigeno en sangre { cuadro IX -1) . En la 
determinaci6n de pH en sangre, usando el electrodo de vidrio, 
la diferencia entre determinaciones dobles fue de 0 .  01 pH 
unidades o men or en el 85 % de las ca sos { cuadro II -9) . En 
lo que respecta a la medida del Pco2 en sangre, la 
desviaci6n standard de las diferencias entre la presi6n de 
el anhidrido carbonico medida en la sangre con el metodo de 
interpolaci6n de Astrup y la del anhidrido carb6nico del gas 
utilizado para su equilibria, fue aproximadamente de 1 .  4 mmHg 
con presiones parciales fisiologigas (alrededor de 40 mmHg) . 
Con presiones parciales de 100  mmHg las valores obtenidos 
con el metodo de Astrup son unos 4 mmHg mayores que 
las de las gases empleados en la equilibraci6n { cuadro II -2) . 
El capltulo II esta tambien dedicado a las electrodos de 
membrana. Los electrodos para medir oxigeno y anhidrido 
carb6nico en sangre han funcionado satisfactoriamente y tienen 
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una buena reproductibilidad. Con ambos la diferencia entre 
dos determinaciones de una misma muestra sanguinea es 
menor de 2 mmHg. La desviacion standard de las diferencias 
entre la presi6n parcial del anhidrido carb6nico medido 
en la sangre y la de los gases utilizados para la equilibraci6n 
fue alrededor de 2 mmHg ( cuadro Il -6) .  Diferencias mayores 
fueron encontradas entre la presion parcial de oxigeno en 
sangre y la de los gases con que fue equilibrada la sangre 
(cuadro 11 -7 ) .  E stas diferencias son proporcionales a la 
presi6n parcial de oxigeno del gas utilizado para la equili ­
bracion y son generalmente atribuidas a la diferente visco ­
sidad del gas y la sangre. En este capitulo se describe 
tambien el metodo de equilibracion de sangre con el tonometro 
de Laue. 
El capitulo III contiene la descripci6n de la tecnica de 
absorci6n de rayos infra-rojos para el analisis del anhidrido 
carb6nico en gases y la adaptacion para la determinaci6n de 
anhidrido carbonico en sangre . El gas es liberado quimica ­
mente de la sangre en una cu beta mediante apropiados reac -
tivos.  La cubeta y una bomba de recirculaci6n forman parte 
de un circuito cerrado adaptado al analizador de rayos infra -
rojos. 
El capitulo IV es una corta introducci6n de los principios 
de cromatografia. Este m etodo ha sido recientemente intro ­
ducido para la medida de gases en liquidos biol6gicos. Es 
un metodo fisico-quimico de separacion en el cual los mate -
riales que van ha ser separados se distribuyen en dos fases. 
Una de estas es estacionaria y la otra, m6vil, se filtra a 
traves de la primera. Las fraciones aisladas son detectadas 
midiendo una de sus propiedades fisico-quimicas. 
El capitulo V trata de las posibilidades y dificultades de 
la cromatografia gaseosa para el analisis de gases en sangre. 
E l  analizador de gases en sangre F y M modelo 450 es 
descrito. Consiste en un sistema semi -automatico para la 
extracci6n e injecci6n de los gases en el  cromatografo. 
La sangre se mezcla con los reactivos en un estrecho cilindro 
de plastico. Dos agujas pneumaticas perforan los dos tapones 
de goma del cilindro de plastico. De esta forma los gases 
desprendidos de la sangre son transportados por la corriente 
de helio a las columnas. Se vi6 que esta tecnica cromato ­
grafica de analisis de gases en sangre dificilmente puede 
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ser aplicada para el trabaj o clinico de rutina, porque la 
toma de muestras tiene grand es problemas tecnicos. El 
capitulo V contiene tambien la descripci6n de un sistema 
nuevo de recirculaci6n para la determinaci6n del contenido 
de oxigeno y anhidrido carb6nico en la sangre mediante el 
gas cromat6grafo . El oxigeno y el anhidrido carbonico 
son quimicamente liberados de la sangre en una cubeta m edi ­
ante apropiados reactivos. Esta cubeta forma parte de un 
circuito, en el que las gases son recirculados mediante una 
bomba de membrana. Tras obtener el equilibria, un volumen 
constante del gas es transferido a las columnas del cromat6-
grafo mediante una valvula convencional de toma de muestras 
gaseosas . La modificaci6n fue introducida porque las sistemas 
standard existentes no eran satisfactorios. 
El capitulo VI trata de una modificaci6n del analizador 
de rayos infra -rojos para la determinaci6n del contenido 
de anhidrido carb6nico en sangre. El a para to ha sido utilizado 
con varias presiones parciales de anhidrido carb6nico y las 
resultados han sido comparados con la tecnica convencional 
de Van Slyke -Neill. La reproductibilidad del m etodo de rayos 
infra -rojos es mej or que la de Van Slyke -Neill en condiciones 
com parables ( cuadro VI-2). El metodo de rayos infra -rojos 
no requiere practicamente personal entrenado .  Un ana.lisis 
completo puede ser realizado en cinco minutos. La principal 
desventaja del me todo es su limitaci6n al anhidrido carb6-
nico . No debe ser utilizado si hay gases anestesicos presen ­
tes. 
El capitulo VII esta dedicado al estudio de los m et odos 
mas ampliamente utilizados para medir el anhidrido carb6 -
nico en sangre . Tres metodos han sido comparados: la t ecnica 
de interpolaci6n de Astrup, el m etodo de rayos infra -roj os 
y el electrodo de membrana. Muestras sanguineas proce ­
dentes de 1 4  pacientes y 1 4  suj etos normales fueron equili -
bradas y analizadas. Las desviaciones standard de las 
diferencias entre las tensiones del anhidrido carb6nico medidas 
y las de los gases de equilibraci6n son aproximadamente 
iguales para las tres metodos y aumentan cuando lo hace 
la presi6n parcial del anhidrido carb6nico. Los coeficientes 
de variaci6n varian entre 2 .  6 y 4 .  9%, su valor media es de 
3 .  6%. El ana.lisis estadistico demuestra que las resultados 
obtenidos con estos metodos son equivalentes ( cuadro VII -3 ) .  
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El tiempo necesario para las determinaciones fue tambien 
aproximadamente el mismo. Las ventajas y desventajas de 
estos metodos para el estudio en la rutina clinica de las 
alteraciones respiratorias y metabolicas del equilibria 
acido -basico son discutidas en el capitulo X. 
El capitulo VIII esta dedicado a la comparaci6n entre el 
F y M modelo 450 gas cromat6grafo, descrito en el 
capitulo V, el electrodo de m embrana y el metodo de 
rayos infra -rojos para medir el anhidrido carb6nico en 
sangre. Veintiocho muestras sanguineas procedentes de pa -
cientes y sujetos normales fueron equilibradas en el tonometro 
de Laue con diferentes mezclas de anhidrido carb6nico y a 
continuaci6n analizadas con los tres metodos. Las diferen -
cias halladas entre la tension del anhidrido carb6nico medidas 
con las tres metodos y la presi6n parcial de las gases con 
que se equilibraron no eran estadisticamente significantes. 
La desviaci6n standard de las diferencias son aproximada -
mente las mismas para el electrodo de membrana y el metodo 
de rayos infra -rojos y un poco mas alta para el gas croma -
t6grafo, y aumentan cuando lo hace la tensi6n del anhidrido 
carb6nico (cuadro VIII-3). Este modelo de gas cromat6grafo 
fue tambien empleado para el analisis de oxigeno en sangre. 
Diez y seis muestras sanguineas, procedentes de pacientes 
y sujetos normales, fueron equilibradas con 5 gases diferen -
tes de composici6n conocida en un ton6metro de Laue, y a 
continuaci6n analizadas .  La desviaci6n standard de las 
diferencias de las determinaciones por duplicado no estan 
relacionadas con el contenido de oxigeno y varian entre 0 .  22 
y 0 .  3 5 vol % ( cuadro VIII -5) . La con cl us ion es, que los 
resultados con el F y M modelo 450 son lo suficientemente 
exactos para ser utilizados en la rutina clinica, pero sus 
muchas dificultades tecnicas excluye su uso para este tipo 
de trabajo .  
En el capitulo IX s e  com para el sistema de recircula -
c10n para la determinaci6n del contenido de oxigeno y 
anhidrido carb6nico en sangre mediante la cromatografia 
gaseosa, descrito en el capitulo V, y la tecnica de Van 
Slyke -Neill. Este sistema de recirculaci6n se ha usado en 
combinaci6n con el gas cromat6grafo F y M modelo 7 0 0 .  
Determinaciones repetidas de una misma muestra sanguinea 
son practicamente identicas con ambas tecnicas ( cuadro 
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IX-1 ) .  Las diferencias halladas en 3 8  muestras sanguineas, 
en las que se midi6 el oxigeno y el anhidrido carb6nico, 
no son significativas.  La desviaci6n standard de las dife ­
rencias entre ambos metodos es 0 .  2 5  vol % para el oxigeno 
y 0 .  3 6  vol % para el anhidrido carb6nico ( cuadro IX -2 ) .  
E l  sistema d e  recirculaci6n permite una determinaci6n par 
duplicado del contenido de oxigeno y de anhidrido carb6nico 
en 1 5  minutos. Se recomienda este metodo cuando la 
determinaci6n volumetrica de gases en sangre sea preferida 
a la determinaci6n directa de la tension del gas en sangre. 
E l  capitulo X resume las investigaciones arriba menciona -
das . Los metodos estudiados dan resultados similares en el 
nivel fisiologico y patol6gico de las valores de gases en 
sangre. Las determinaciones son suficientemente exactas para 
la rutina clinica. E l  tiempo necesario para la determinaci6n 
es aproximadamente el mismo para todos las metodos 
excepto para el Van Slyke que necesita mas tiempo. El caste 
del aparataje y su mantenimiento es tambien similar, 
exceptuando el alto cos to de mantenimiento del gas croma -
t6grafo. La elecci6n de un determinado aparataje para las 
determinaciones de gases en sangre depende de las condi­
ciones particulares del laboratorio. Seg{:m nuestra experiencia, 
los electrodos de membrana son el instrumento mas adecuado 
para la determinaci6n de gases sangre ( cuadro X -1 ) .  
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